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Abstract  
 
Organic impurities in Bayer liquor cause significant reductions in alumina production. 
Development of improved processes for removing these impurities from Bayer liquor is 
therefore of great interest to the alumina industry.  
 
Removal processes based on oxidation that do not involve the introduction of foreign species 
have received the most interest for achieving this goal. Of the aforementioned type of processes 
the wet oxidation process in particular has received significant attention. A better understanding 
of the underlying reaction mechanisms involved in the wet oxidation of organic compounds is a 
key aspect in the development of this technology.  
 
Sodium malonate, which presents in most Bayer liquors, has been shown to be unusually 
reactive under typical wet oxidation conditions. It can also accelerate the degradation of other 
low-molecular-weight Bayer organics, which are stable in isolation under wet oxidation 
conditions. The chemistry in the wet oxidation of sodium malonate and the related co-oxidation 
of Bayer organics by malonate is however briefly understood which has hindered improvements 
in Bayer liquor wet oxidation processes.  
 
In the work presented here the chemistry in the wet oxidation of sodium malonate and a range of 
substituted malonates under typical wet oxidation conditions are studied in detail. The influence 
of the key structural feature of the malonates on the reactivities of these compounds is examined 
by comparing their reactivities with those of their isomers that do not have the same structural 
feature. The main reaction steps in the oxidation mechanisms of malonate and the substituted 
vi 
 
malonates are investigated by obtaining direct and indirect experimental evidences using 
multiple techniques including 
13
C NMR, HPLC, GC/MS, EPR and kinetics. 
 
The co-oxidation effects of malonate and the substituted malonates on the wet oxidation of 
several low-molecular-weight Bayer organic compounds are also demonstrated under the same 
wet oxidation conditions via kinetic studies. The reaction mechanisms involved in the co-
oxidation are investigated extensively based on the identified reaction products and reaction 
kinetics.  
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 CHAPTER 1 
INTRODUCTION 
 
1.1. The Bayer process 
The Bayer process is used for refining bauxite ore to alumina (Al2O3), the primary material for 
producing aluminium metal. Alumina is also used in the production of some ceramics and 
refractory materials, and for various other applications including as a catalyst support material. 
The Bayer process is a cyclic process, which was developed initially by Karl Josef Bayer in 1888, 
It is now used to refine about 97% of the bauxite that is mined globally (Power and Loh, 2010). 
The Bayer process is usually described as consisting of four major steps: digestion, clarification, 
precipitation and calcination. Figure 1-1 shows a flow chart of the Bayer process, including the 
four major steps and some of the other sub-steps involved in the process.   
Digestion 
Bauxite 
Caustic soda (NaOH)
Lime (CaO)
Clarification 
Removal of red mud
Calcination Alumina
Washing
Precipitation 
Cooling
Heating
Solid/liquor separation
Washing
Product filtration
Seed crystals
 
Figure 1-1   Schematic diagram of the Bayer process  
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In the digestion step of the Bayer process the aluminium hydroxide (Al(OH)3) (gibbsite) and/or 
aluminium oxy-hydroxides (AlO(OH)) (boehmite and diaspore) contained in the bauxite are 
dissolved in a concentrated NaOH solution at high temperatures and pressures. The equations 
for these dissolution reactions are shown in Equations 1.1 and 1.2. The conditions used in 
digestion are greatly influenced by the composition of the aluminous compounds in the bauxite. 
Ore with a high content of gibbsite can be digested at about 140 C, whereas dissolution of 
boehmite and diaspore requires higher temperature (200 – 240 C) and stronger caustic 
concentration (Liu et al., 2009).  
Al(OH)3(s)   +   NaOH(aq)   
    Na
+ 
Al(OH)4

(aq) 
AlO(OH)   +   NaOH(aq)   +H2O   
    Na
+ 
Al(OH)4

(aq) 
 
The components of the bauxite that do not dissolve during the digestion stage, which are 
commonly referred to as ‘red mud’ is separated from the process liquor in the next major stage of 
the Bayer process, clarification. Red mud contains mostly iron and titanium oxides, silica and 
unleached residual aluminous materials. These solids are separated from the digest liquor via 
settling and filtration, and then washed and discarded. The clarified liquor is then cooled to 
improve the degree of supersaturation of the aluminium hydroxides before being transferred to 
the next major stage, precipitation. 
 
In the precipitation step of the Bayer process aluminium hydroxide crystals (gibbsite) form via 
the reaction shown in Equation 1.3. Precipitation of gibbsite occurs via a secondary nucleation 
mechanism which is achieved through the addition of gibbsite seed to the liquor. The final 
product-sized crystals are filtered from the process liquor and then washed to remove entrained 
caustic. The fine particles are recycled as seed.  
(1.1) 
(1.2) 
3 
Na
+ 
Al(OH)4

(aq)      Al(OH)3(s)   +   NaOH(aq) 
 
The agglomerates of gibbsite are then calcined at high temperatures (over 900 C) in the final 
main step of the Bayer process. The main reaction that occurs in calcination is shown in 
Equation 1.4. Varied calcination conditions are applied to produce alumina with different 
properties.  
2Al(OH)3(s)   
    Al2O3(s)   +   3H2O(l) 
 
1.2. Organic impurities present in Bayer liquor  
Bauxites contain on average 0.02 – 0.50% by weight organic matter (Power and Loh, 2010) 
which decreases with the depth of the bauxite deposit (Grocott, 1988; Power, 1991). This organic 
matter is not separated from the bauxite prior to processing and therefore enters the process with 
the bauxite where a significant amount dissolves into the caustic liquor used to dissolve the 
aluminium hydroxides and oxy-hydroxides in the bauxite ore. Due to the continuous recycling of 
Bayer liquor the concentration of organic impurities that enter the Bayer process and are not 
removed during clarification builds up in the liquor until a dynamic steady state is reached in 
which inputs are balanced by outputs. The concentration of organic compounds present in 
Bayer liquor is normally expressed in terms of Total Organic Carbon (TOC) concentration. 
Table 1-1 shows the TOC levels in various worldwide Bayer liquors. 
 
 
 
 
 
(1.3) 
(1.4) 
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Table 1-1   Summary of TOC levels in a range of Bayer liquors 
Country TOC (g/L) Reference 
Australia 30.0 (Pareek et al., 2001) 
Australia – Western  27.4 (Rosenberg et al., 2003) 
Canada – Quebec  6.6 (Awadalla et al., 1994) 
China – Pingguo 5.7 (Zhong et al., 2007) 
China – Zhongzhou 1.4 (Zhong et al., 2007) 
Hungary – Ajka  4.1 (Zoldi et al., 1988) 
Hungary – Almasfuzito 6.1 (Zoldi et al., 1988) 
India 11.6 (Zoldi et al., 1988) 
Italy 22.5 (Zoldi et al., 1988) 
Jamaica 26.4 (Wellington and Valcin, 2007) 
USA 15.2 (Zoldi et al., 1988) 
USSR 5.2 (Zoldi et al., 1988) 
 
The composition of the organic compounds present in Bayer liquors is linked with the 
formation and environment of bauxite ores and the conditions of the Bayer process. There are 
two main sources of organic matter found in bauxite: 1) humic materials, which include all 
natural organic substances accumulated over time on the surface of Earth through decay of 
plant and animal remains (Power and Tichbon, 1990; Simpson et al., 2002; Swift, 1999); and 2) 
plant roots that form networks of macromolecular fibrous materials, which are distributed deep 
into the bauxite deposits from incessant vegetation (Ellis et al., 2002a; Ellis et al., 2002b; 
Machold et al., 2009). The conditions used in the digestion step of the Bayer process 
(concentrated alkali, T  145 C) cause degradation of the humic and wooden materials into 
various organic compounds. The nature of the organic compounds produced via this 
degradation are therefore dependent upon factors such as the vegetation and rainfall associated 
with the bauxite deposit (Power and Loh, 2010) and the actual conditions utilized in the Bayer 
process.  
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Numerous studies have been undertaken on the types of organic compounds present in Bayer 
liquors. Lever classified the organic compounds in Bayer liquors into three main groups, as 
shown below (Lever, 1978):  
1) The humic matter, which includes high-molecular-weight organic compounds extracted 
from the bauxite and their initial degradation products; 
2) The intermediate degradation products, “humic building block” organics, which consist of 
the benzene carboxylic and phenolic acid anions; and  
3) The eventual degradation products, which are mainly the low-molecular-weight carboxylic 
acids anions such as acetate, formate, oxalate and malonate.  
 
Over one hundred organic compounds have been identified in Bayer liquors using various 
analytical methods (Power et al., 2011). Baker et al (1995) used capillary gas chromatography 
(GC) to analyse the low to medium molecular weight compounds. Xiao et al (2007) identified 
a number of low-molecular-weight organic anions and inorganic anions using ion 
chromatography (IC) after utilisation of a solid-phase extraction process. High-performance 
liquid chromatography (HPLC) was applied for the analysis of low-molecular-weight and 
high-molecular-weight organic compounds in Bayer liquor by Xiao and Ren (2007) and 
Whelan et al (2003), respectively. Picard et al (2002) used two-dimensional multi-scan mass 
spectroscopy (MS) coupled with liquid chromatography (Wellington and Valcin) and ion 
chromatography (IC) to identify a range of individual organic compounds. Rao and Goyal 
(2006) and Solymár et al (1996) investigated the nature of Bayer liquor organics using solution 
oxidation and combustion. Organic compounds that have been identified in Bayer liquor in 
more than one of the aforementioned studies have been summarized by Power and Loh (2010) 
as shown in Table 1-2.  
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Table 1-2   Common organic compounds identified in Bayer liquors by multiple studies 
Compound  Synonym  Reference  
Formate  Methanoate 
(Baker et al., 1995; Picard et 
al., 2002; Rao and Goyal, 
2006; Solymár et al., 1996; 
Xiao et al., 2007a; Xiao and 
Ren, 2007) 
Acetate  Ethanoate 
(Baker et al., 1995; Picard et 
al., 2002; Rao and Goyal, 
2006; Solymár et al., 1996; 
Xiao et al., 2007a; Xiao and 
Ren, 2007) 
Propanoate  Propionate  
(Baker et al., 1995; Picard et 
al., 2002; Rao and Goyal, 
2006; Solymár et al., 1996; 
Xiao et al., 2007a; Xiao and 
Ren, 2007) 
Butanoate  Butyrate  
(Baker et al., 1995; Picard et 
al., 2002; Rao and Goyal, 
2006; Solymár et al., 1996; 
Xiao et al., 2007a; Xiao and 
Ren, 2007) 
Oxalate  Ethanedioate  
(Picard et al., 2002; Rao and 
Goyal, 2006; Solymár et al., 
1996; Xiao et al., 2007a; Xiao 
and Ren, 2007) 
Lactate  2-hydroxypropanoate  
(Baker et al., 1995; Picard et 
al., 2002) 
iso-Valerate 3-methyl butanoate 
(Baker et al., 1995; Xiao and 
Ren, 2007) 
Valerate  Pentanoate  
(Baker et al., 1995; Rao and 
Goyal, 2006; Solymár et al., 
1996; Xiao and Ren, 2007) 
7 
Table 1-2   (continued)  
Compound  Synonym  Reference  
Malonate  Propanedioate  
(Baker et al., 1995; Picard et 
al., 2002; Xiao and Ren, 2007) 
Succinate  Butanedioate  
(Baker et al., 1995; Picard et 
al., 2002; Rao and Goyal, 
2006; Solymár et al., 1996; 
Xiao et al., 2007a; Xiao and 
Ren, 2007) 
Benzoate  Benzenecarboxylate  
(Baker et al., 1995; Picard et 
al., 2002; Whelan et al., 2003; 
Xiao and Ren, 2007) 
Glutarate  1,5-pentanedioate 
(Baker et al., 1995; Rao and 
Goyal, 2006; Solymár et al., 
1996; Xiao and Ren, 2007) 
m-Salicylate 3-hydroxybenzzoate 
(Picard et al., 2002; Xiao and 
Ren, 2007) 
Adipate  1,6-hexanedioate 
(Rao and Goyal, 2006; 
Solymár et al., 1996; Whelan 
et al., 2003; Xiao and Ren, 
2007) 
Methyl-succinate  Dimethylbutanedioate  
(Baker et al., 1995; Picard et 
al., 2002) 
Pimelate  Heptanedioate  
(Solymár et al., 1996; Xiao 
and Ren, 2007) 
Phthalate  1,2-benzenedicarboxylate  
(Baker et al., 1995; Picard et 
al., 2002; Rao and Goyal, 
2006; Solymár et al., 1996; 
Whelan et al., 2003) 
Isophthalate 1,3-benzenedicarboxylate 
(Picard et al., 2002; Xiao and 
Ren, 2007) 
Terephthalate 1,4-benzenedicarboxylate 
(Picard et al., 2002; Whelan et 
al., 2003) 
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Table 1-2   (continued)  
Compound  Synonym  Reference  
Octanedioate  1,6-hexanedicarboxylate 
(Whelan et al., 2003; Xiao and 
Ren, 2007) 
Azelate Nonanedioic acid 
(Whelan et al., 2003; Xiao and 
Ren, 2007) 
Hemimellitate 1,2,3-benzenetricarboxylate 
(Picard et al., 2002; Rao and 
Goyal, 2006; Solymár et al., 1996) 
Trimellitate 1,2,4-benzenetricarboxylate 
(Picard et al., 2002; Rao and 
Goyal, 2006) 
Trimesate  1,3,5-benzenetricarboxylate 
(Picard et al., 2002; Rao and 
Goyal, 2006; Solymár et al., 1996) 
Pyromellitate 1,2,4,5-benzenetetracarboxylate 
(Picard et al., 2002; Rao and 
Goyal, 2006) 
Palmitate Hexadecanoate 
(Whelan et al., 2003; Xiao and 
Ren, 2007) 
Stearate Octadecanoate 
(Whelan et al., 2003; Xiao and 
Ren, 2007) 
 
1.2.1. Adverse effects of organic compounds 
The organic impurities in Bayer liquor have a variety of negative effects on aspects of the Bayer 
process. The main adverse effects caused by organic impurities are reduced product yield  
(Alamdari et al., 1993; Armstrong, 1993; Awadalla et al., 1994; Bush and Thé, 1985; Coyne, 
1989; Coyne et al., 1994; Gnyra, 1981; Hind et al., 1999; Power and Tichbon, 1990; Rossiter et 
al., 1996; Schepers et al., 1977; Smeulders et al., 2001b; Smith et al., 1996; Thé, 1980; van 
Bronswijk et al., 1999; Watling, 2000; Yamada and Shibue, 1981) and reduced product quality. 
(Brown et al., 1986; Coyne, 1989; Grocott and Rosenberg, 1988; Yamada and Shibue, 1981). 
Additional adverse effects include: enhancing scale deposition (Smeulders et al., 2001a), causing 
foam formation (Dimas and Gross, 1994; Schepers et al., 1977; Yamada and Shibue, 1981) and 
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contributing to volatile organic compounds (VOCs) emissions (Galbally et al., 2008; Graham et 
al., 2002; Rosenberg et al., 2003).  
 
Organic contaminants in Bayer liquor hinder product yields mainly during the gibbsite 
(aluminium hydroxide crystals) precipitation stage. A general Bayer organic that has been shown 
to inhibit the crystallization of gibbsite is the sodium salt of oxalic acid (Bush and Thé, 1985; 
Gnyra, 1981; Grocott, 1988; Hind et al., 1999; Power and Tichbon, 1990; Yamada and Shibue, 
1981). Sodium oxalate is a common degradation product of organic compounds in Bayer liquor 
(Kim and Lee, 2003). This compound gives rise to problems due to its low solubility in the 
liquor (caustic solution). When the concentration of sodium oxalate in Bayer liquor increases to 
supersaturation levels, a fine crystalline precipitate forms. These fine oxalate crystals inhibit 
gibbsite agglomeration, resulting in production of very fine particles that are not suitable for use 
in the next stage of the process (calcination). These fine crystals are difficult to separate out from 
the spent liquor and, accordingly, more aluminium hydroxide is recycled back to the digestion 
stage and thus the overall product yield is decreased. Besides sodium oxalate there are various 
other organic compounds that have been shown to decrease gibbsite precipitation yields. These 
compounds include sodium tartrate (Coyne, 1989; Coyne et al., 1994), sodium gluconate (Coyne, 
1989; Coyne et al., 1994; Rossiter et al., 1996), glucoisaccharinate (Thé, 1980), adonitol (Coyne, 
1989), mannitol (Alamdari et al., 1993; Coyne, 1989; Coyne et al., 1994) and several polyols 
(alditols) (Smith et al., 1996; van Bronswijk et al., 1999; Watling, 2000). All of these compounds 
contain acidic adjacent hydroxyl groups, that are proposed to encourage  adsorption of these 
compounds onto the gibbsite surface and hence hinder gibbsite precipitation (Coyne et al., 1994). 
Smeulders et al. (2001b) also found a range of high molecular weight fractions of Bayer organics 
(Smeulders et al., 2001b) to inhibit the precipitation of aluminium hydroxide. Furthermore, 
Yamada et al. (1981) and Awadalla et al. (1994) indicated that the viscosity of the process liquor 
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grows gradually with the concentration of organic compounds, which leads to restriction of the 
separation of the aluminium hydroxide crystals from the mother liquor.  
 
The organic compounds mostly responsible for reductions in gibbsite quality are mainly the 
humic/fulvic acids, which impart a colour to the precipitated aluminium hydroxide and hence 
decrease the commercial value of the product (Coyne, 1989; Yamada and Shibue, 1981).  
Compounds containing relatively acidic hydroxyl groups, which increase soda (Na2O) 
concentration in gibbsite, also lead to a reduction in the quality of the alumina produced (Grocott 
and Rosenberg, 1988). Moreover, Brown (1986) discovered that glucoisaccharinate and sodium 
acetate, lactate, formate and succinate resulted in production of extremely fine particles of 
aluminium hydroxide, which are difficult to handle and transport.    
 
Other adverse effects organic contaminants have on the Bayer process (which were briefly 
mentioned earlier) include:  
1) Increased scale deposition on the inner wall surface of the reaction vessels and pipes with 
increased concentration of oxalate which shortens the operation period of the production 
system (Yamada and Shibue, 1981); 
2) Increase in foaming property of the liquor which obstructs the sedimentary separation of red 
mud, complicates the heat control of the Bayer process and poses a safety hazard to workers 
upon contact with the highly caustic foam (Dimas and Gross, 1994; Schepers et al., 1977; 
Yamada and Shibue, 1981); 
3) Loss of caustic soda reagent due to the formation of the sodium salts of organic compounds 
(Awadalla et al., 1994), impairing the efficiency of the Bayer process;  
4) Production of potentially explosive hydrogen gas during the degradation of organic 
compounds (Anderson et al., 2001; Armstrong, 1993; Graham et al., 2002); and 
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5) Emission of VOCs during organic removal methods such as liquor burning (Galbally et al., 
2008; Graham et al., 2002; Rosenberg et al., 2003) 
 
The development of methods for either preventing organic compounds from entering Bayer 
liquor or removing them from the liquor have, and continue to be, of great interest to the 
alumina refining industry.  
 
1.2.2. Methods for removal of organic compounds  
A number of studies have been conducted on the development of appropriate methods for 
reducing the amount of organic matter in bauxite prior to processing and removal of organic 
compounds from Bayer liquor. Various processes that have been investigated include: bauxite 
washing (Pearson and The, 1985), sodium oxalate removal via crystallization, caustization, 
adsorption and ethanol treatment (Atkins and Grocott, 1993; Bai et al., 2011; Bush and Thé, 
1985; Chinloy, 1990; Gnyra, 1981; Gnyra and Lever, 1979; Hollanders and Boom, 1994; Power 
and Tichbon, 1990; Rosenberg et al., 2007; The and Bush, 1987), liquor burning (Rosenberg et 
al., 2003; Shibue et al., 1990; Yamada and Shibue, 1981), Wet Oxidation (WO) (Anderson et al., 
2001; Arnswald et al., 1991; Bhargava et al., 2006; Brown, 1989; de Leitenburg et al., 1996; 
Debellefontaine et al., 1996; Eyer, 2000; Eyer et al., 2002; Foussard et al., 1989; Gomes et al., 
2000; Imamura, 1999; Imamura et al., 1982a; Imamura et al., 1982b; Imamura et al., 1982c; 
Lalla and Arpe, 2002; Lin et al., 1996; Loh et al., 2010; Luck, 1999; Mantzavinos et al., 1997; 
Matyasi et al., 1986; Mishra et al., 1995; Robert et al., 2002; Sanchez-Oneto et al., 2004; Shende 
and Levec, 1999; Shende and Mahajani, 1997; Tardio, 2002; Tardio et al., 2004a; Tardio et al., 
2004b; Tardio et al., 2008; Velegraki et al., 2010; Williams et al., 1973; Zimmermann, 1950; 
Zoldi et al., 1988) and magnesium hydroxide co-precipitation (Schepers et al., 1977). Among 
12 
these methods those that have been used at actual alumina refineries are oxalate removal, liquor 
burning and WO processes.    
 
Since sodium oxalate is one of the main compounds that hinders the productivity of the Bayer 
process (see Section 1.2.1), the removal of this compound from the liquor has received 
significant attention. Some of the well-known methods that have been implemented include: 
1) Crystallization: evaporation of the liquor to decrease the solubility of sodium oxalate 
(oxalate solubility decreases as the alkali concentration increases), followed by the addition 
of high surface-area oxalate seed, which enhances the precipitation of oxalate aggregates 
that are removed from the liquor by filtration (Tardio, 2002); 
2) Caustization: separation of the fine sodium oxalate particles, which are formed in 
conjunction with the aluminium hydroxide in the precipitation stage of the Bayer process, in 
the form of an aqueous solution from the liquor through filtration and washing of the 
precipitated aluminium hydroxide, followed by translation of sodium oxalate to insoluble 
calcium oxalate, which is removed from the process flow by washing and filtration, via a 
caustization reaction with the addition of lime (Yamada and Shibue, 1981);  
3) Adsorption: destabilization of the sodium oxalate by the removal of the humic materials, 
which form an insoluble product by adsorbing onto an added adsorbent (activated carbon), 
resulting in an increase in the precipitation of sodium oxalate which is subsequently 
removed through filtration (Gnyra, 1981); and 
4) Ethanol treatment: precipitation of sodium oxalate by treating the liquor with up to 50 
vol. % ethanol, followed by separation and filtration of the liquor layer containing oxalate 
precipitate (Bush and Thé, 1985). 
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The liquor burning process is essentially an incineration process (Rosenberg et al., 2003; Shibue 
et al., 1990; Yamada and Shibue, 1981). In this process Bayer liquor is evaporated to dryness to 
form pellets containing the organic impurities which are then incinerated. The solid oxidation 
products, along with the sodium carbonate and sodium aluminate that are formed, are dissolved 
and returned to the process. Liquor burning is complicated and energy inefficient due to the high 
amount of energy needed to evaporate the spent liquor. The other disadvantages of this process 
are the high build-up costs of the relatively small kilns used for liquor burning (Tardio, 2002) 
and the VOCs generated from this process, which require treatment. Although there are several 
drawbacks to the liquor burning process, it is currently used at three alumina refineries in WA 
(two Alcoa run refineries and the Worsley Alumina refinery). 
 
Removal of organic compounds from Bayer liquor using a WO process involves oxidizing the 
organic compounds, in the liquid phase, to simpler organics and ultimately to carbon dioxide and 
water. WO processes utilize high partial pressures of gaseous oxygen or air  (Zimmermann, 1950) 
to promote oxidation and to ensure the reaction solution remains in the liquid phase at the 
reaction temperatures commonly used (150 – 300 C) . The key advantages of this process are 
that it does not involve the introduction of any harmful foreign species and it can be autogenic at 
certain TOC concentrations / rates of reaction (i.e. no external energy is needed after start up). 
Another advantage of this process is that it generates minimal gaseous emissions. High pressures 
and temperatures are however generally required to achieve a high extent of complete oxidation 
of Bayer liquor organics using current WO technology (Bhargava et al., 2006; Lin et al., 1996). 
The utilization of high reaction temperatures requires the use of reactors made of robust 
(expensive) materials which in turn leads to high capital costs. If insufficient pressures and/or 
temperatures are used, partial oxidation of complex organic compounds may occur, forming a 
number of low-molecular-weight compounds, which are hard to remove from the liquor.   
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Although there have been several organic compound removal processes investigated and 
implemented at alumina refineries over the last four decades, the development of either new or 
improved technologies, are still of significant interest to alumina refineries. A number of studies 
have demonstrated that the appropriate combination of two removal processes has a great 
potential to minimize the weaknesses of individual processes. For example Bai et al. (2011) 
linked the crystallization and causticization methods for oxalate removal to develop a super-
concentrated causticization process, which significantly enhanced the removal efficiency 
compared to that of the individual processes. Rosenberg et al. (2003) combined WO and liquor 
burning processes in a complementary way so that the drawbacks of each individual process 
become the strength of the combined process, leading to an increase in the TOC removal 
capacity by 80% or more.   
 
Besides the development of combined organic removal processes, there have also been efforts to 
improve WO processes for removing organics from Bayer liquor, which have focussed on 
achieving improved rates / extents of complete oxidation at lower reaction temperatures and 
pressures. The use of appropriate reaction promoters, catalysts, in WO has been the main method 
investigated for achieving this goal (Abecassis-Wolfovich et al., 2004; Brown, 1989; de 
Leitenburg et al., 1996; Debellefontaine et al., 1996; Eyer, 2000; Eyer et al., 2002; Gallezot et al., 
1996; Gomes et al., 2000; Hamoudi et al., 2000; Imamura, 1999; Imamura et al., 1982a; 
Imamura et al., 1982b; Imamura et al., 1986; Imamura et al., 1982c; Lee and Kim, 2000; 
Mantzavinos et al., 1996a; Mishra et al., 1993; Pintar and Levec, 1992; Sadana and Katzer, 1974; 
Shende and Mahajani, 1997; Tardio, 2002; Tardio et al., 2004a; Velegraki et al., 2010; 
Wakabayashi and Okuwaki, 1988). One of the major drawbacks for the use of catalysts is the 
need to add foreign species to the liquor and the potential adverse consequences of such species 
or the difficulties associated with removing such species. The extra cost for using catalysts is 
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also needed to be considered by alumina refineries. Reaction temperatures and pressures required 
for sufficient WO can also be reduced via the improvement of the design of wet oxidation 
reactors (Debellefontaine and Foussard, 2000) with additional measurement for safety 
consideration (Bengoa et al., 2011). Since the design of a wet air oxidation reactor is a complex 
process as the total performance depends on many parameters, the effect of each parameter, 
however, has to be considered during the reactor design.   
 
Research has also been conducted on gaining an improved understanding of the chemical 
reactions that occur during WO of individual Bayer organic compounds and mixtures in highly 
alkaline solution in an attempt to discover potential ways to improve WO processes. For example 
Tardio (2002) discovered that sodium malonate, a common Bayer liquor impurity that is highly 
reactive under moderate WO temperature (165 C) and pressure (500 kPa), is capable of 
accelerating the oxidation of certain low-molecular-weight Bayer organics that are otherwise 
stable in isolation under the same conditions. A greater understanding of the fundamental 
chemistry occurring in the aforementioned reactions, which is the main focus of this thesis, could 
lead to the discovery of ways to improve the rate of WO of Bayer organics in highly alkaline 
solution using moderate temperatures and pressures without the use of catalysts. Some of the 
literature on WO is discussed in detail in the proceeding sections.       
 
1.3. Wet Oxidation  
The WO process, which was initially developed by Zimmermann (1950), has received 
significant interest over the last three decades as a means of removing organics from aqueous 
solutions. This method can be used in a variety of applications (Bhargava et al., 2006). 
Debellefontaine et al. (1996) divided the wet oxidation of an organic compound into two main 
steps: 1) a physical step, which involves the transfer of oxygen from the gas phase to the liquid 
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phase; and 2) a chemical step, which involves the reaction between the organic compound and 
dissolved oxygen (or an active species formed from oxygen).  The chemical reactions in the WO 
of organic compounds are assumed to proceed mostly via free-radical chain reactions. Simplified 
reaction pathways for WO of organic compounds showing the main types of intermediates / 
products involved are demonstrated in Figure 1-2. 
 
 
Organic compounds                    Hydroperoxide       
 
Figure 1-2   Simplified diagram of the proposed general reaction pathways in the WO of organic 
compounds (Debellefontaine et al., 1996) 
 
The overall reaction rates of organic compounds during the WO process depend on the rate of 
oxygen dissolution, and the reactivity of the organic compounds and intermediates formed under 
typical WO conditions. 
 
1.3.1. Physical step 
According to Debellefontaine et al. (1996), there are three limiting cases that can be used to 
describe the physical step (oxygen transfer) of the WO reaction based on the only significant 
resistance to oxygen transfer being located at the gas-liquid interface (film model). These three 
limiting cases are as follows: 
1) Oxygen reacts within the film because of a rapid chemical reaction. In this way, the oxygen 
transfer rate is enhanced. 
2) Oxygen reacts within the bulk liquid where its concentration is close to zero. The overall 
rate is equal to the physical step rate of oxygen transfer. 
O2 
Alcohols 
Ketones, Aldehydes 
O2 
CO2, H2O 
Acetic acid 
O2 
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3) Oxygen concentration within the bulk liquid is equal to the interface (or equilibrium) 
concentration. The overall rate is the chemical step rate, and usually low. 
High mixing efficiencies can minimize the effect of the rate of oxygen transfer on the overall 
rate, and hence enable unbiased kinetic rates to be determined (corresponding to the third case). 
 
1.3.2. Chemical step 
The rates of the chemical reactions of organic compounds in WO can be influenced by several 
factors, including temperature, oxygen partial pressure, reactivities and concentration of organic 
compounds, type of intermediates formed, solution pH, reactor geometry and the composition of 
reactor walls. Development of kinetic models to determine the effect of various reaction 
parameters on the reaction rates of organic compounds is therefore required.  Most of the studies 
in the field have shown that the chemical reactions in WO are mostly free-radical reactions. 
Some researchers have also discovered reaction pathways for the WO of organic compounds that 
do involve free-radical reactions.  
 
1.3.2.1. Free-radical reactions 
The free-radical reactions, which have been proposed to proceed during the WO of individual 
organic compounds and mixtures of compounds (Emanuel et al., 1980; Eyer, 2000; Farhataziz 
and Ross, 1977; Glaze et al., 1995; Ichinose and Okuwaki, 1990; Ingale et al., 1996; Li et al., 
1991; Mantzavinos et al., 1997; Patterson et al., 2001; Rivas et al., 1998; Robert et al., 2002; 
Wakabayashi and Okuwaki, 1988), can be divided into three major types: initiation, propagation 
and termination reactions as shown in Figure 1-3. Here, RH represents a carbonaceous substance. 
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Initiation  
Unimolecular reactions: 
RH      R•   +   H• 
O2      O
•
   +   O
•
 
H2O      
•
OH   +   H
•
 
Bimolecular reactions: 
RH   +   O2      R
•
   +   HOO
•
 
H2O   +   O2      H2O2   +   O
•
 
H2O   +   O2      HOO
•
   +   
•
OH 
Trimolecular reactions: 
RH   +   O2   +   RH      2R
•
   +   H2O2 
Reactions in alkaline solution only:  
−
OOCCH2
−
   +   O2      
−
OOCCH2
•
   +   O2
•−
 
C6H5O
−
   +   O2      C6H5O
•
   +   O2
•−
 
O2   +   e
−
      •O2
−
 
Propagation  
R
•
   +   O2      ROO• 
ROO
•
   +   RH      ROOH   +   R• 
O
•
   +   H2O      HO
•
   +   HO
•
 
RH   +   HOO
•
      R•   +   H2O2 
H
•
   +   H2O      HO
•
   +   H2 
ROOH      RO•   +   HO• 
RH   +   HO
•
      R•   +   H2O 
 
(1.5) 
(1.6) 
(1.7) 
(1.8) 
(1.9) 
(1.10) 
(1.11) 
(1.12) 
(1.13) 
(1.14) 
(1.15) 
(1.16) 
(1.17) 
(1.18) 
(1.19) 
(1.20) 
(1.21) 
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Reactions in alkaline solution only: 
−
OOCCH2
•
   +   O2      
−
OOCCH2OO
•
 
−
OOCCH2OO
•
   +   
−
OOCCH2
−
      −OOCCH2OO
−
   +   
−
OOCCH2
•
 
Termination  
2ROO
•
      ROOR   +   O2 
2HOO
•
      H2O2   +   O2 
HOO
•
   +   
•
OH      H2O   +   O2 
2O2
•−
    +   H2O      HOO
−
    +   HO
−
    +   O2 
HO
•
   +   CO3
2−
      − OH   +   •CO3
−
 
O2
•−
    +   
•
CO3
−
      O2   +   CO3
2−
 
HO
•
   +   HCO3
−
      H2O   +   
•
CO3
−
 
ROO
•
   +   O2
•−
      ROO−    +   O2 
Reaction in alkaline solution only: 
−
OOCCH2OO
•
   +   O2
•−
      −OOCCH2OO
−
   +   O2 
Figure 1-3   Proposed free-radical reactions involved in the WO of organic compounds  
 
Although free-radical reactions have been proposed in numerous studies on WO of organic 
compounds, there is a lack of direct experimental evidence to support the formation of free-
radical intermediates under typical WO conditions. Robert et al. (2002) has provided the only 
experimental result that identified the presence of the hydroxyl radical (HO
•
), which has been 
proposed as a common free-radical intermediate formed under WO conditions, using EPR 
spectroscopy.  
 
(1.22) 
(1.23) 
(1.24) 
(1.25) 
(1.26) 
(1.27) 
(1.28) 
(1.29) 
(1.30) 
(1.31) 
(1.32) 
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Due to difficulties in obtaining direct evidence for the formation of free-radicals there have been 
several studies that investigated free-radical formation indirectly using various methods such as 
1) observation of co-oxidation reactions, which are assumed to involve oxidation of an organic 
compound by free-radical intermediates produced from another compound, and (2) addition of 
inhibitors/scavengers that hinder free-radical reactions / scavenge free-radicals. Some of the 
studies that investigated co-oxidation reactions are described in detail in Section 1.3.2.2. 
Inhibitors/scavengers, which are mainly organic compounds, have been used in many studies to 
test for the presence of free-radicals / free-radical reactions. One inhibitor, tert-butyl alcohol, has 
been found to lower the oxidation rate of phenol (Vaidya and Mahajani, 2002) and p-toluene-
sulfonic acid (Stöffler and Luft, 1999), indicating that the WO of these compounds occurs via 
free-radical reactions. Moreover, sodium benzoate, a compound that is generally present in 
Bayer liquors (Power and Loh, 2010), has been discovered to be a scavenger of hydroxyl radical 
(Harvath, 1979; Klein et al., 1975). 
 
1.3.2.2. Co-oxidation reactions 
Tardio et al. (2004) proposed co-oxidation reactions between a series of refractory low-
molecular-weight organic compounds and the free-radical intermediates formed in the WO of 
sodium malonate based on the increased extent of oxidation of these refractory compounds in the 
presence of sodium malonate. Equation 1.33 and 1.34 show the proposed first reaction steps in 
the co-oxidation mechanisms between the assumed malonate free-radicals and one of the 
investigated compounds, sodium succinate. 
−
O2CCHCO2
−
   +   
−
O2CCH2CH2CO2
−
      −O2CCH2CO2
−
   +   
−
O2CCHCH2CO2
− 
 
−
O2CCHCO2
−
   +   
−
O2CCH2CH2CO2
−
      −O2CCHCO2
−
   +   
−
O2CCHCH2CO2
− 
 
(1.33) 
OO
•
 
 
OOH 
 
•
 
(1.34) 
•
 
•
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Imamura (1999) reported co-oxidation reactions between high-molecular-weight (20,000) and 
low-molecular-weight (200) poly(ethylene glycol)s (PEGs) during WO. Imamura suggested that 
the improved oxidation rate of the inert 200 PEGs in the presence of the 20,000 PEGs at 220 C 
was due to free-radical species produced from the 20,000 PEGs inducing the oxidation of the 
200 PEGs. Mantzavinos et al. (1996b) have also observed acceleration in the oxidation of the 
105 PEGs (diethylene glycols – DEGs) in the presence of the 10,000 PEGs. Active radical 
intermediates, which were proposed to form during the reaction of the 10,000 PEGs, can attack 
DEGs and consequently increase their reactivities.  
 
Shende and Mahajani reported that although acetic acid alone is refractory below 215 C, the 
presence of other compounds undergoing wet oxidation has resulted in acetic acid destruction 
even at 200 C. This observation was reported in Ingale et al. (1996) and alludes to the oxidation 
of acetic acid being initiated by the free-radicals intermediates formed from the WO of the more 
reactive compounds. Unfortunately, the compounds that produced free-radical intermediates 
capable of co-oxidizing acetic acid at 200 C were not reported. Co-oxidation of acetic acid has 
also been observed by Boock and Klein in the high temperature (300-380 °C) oxidation of 
mixtures of aliphatic alcohols and acetic acid. They reported that the rate of oxidation of acetic 
acid increased when simple alcohols such as ethanol were added (Boock and Klein, 1994). The 
obvious explanation for these observations is that the refractory compound was oxidized by 
reactive intermediates generated from the alcohols.  
 
Furthermore, Birchmeier et al. have found that additions of cellobiose or phenol to solutions 
containing recalcitrant products of incomplete WO of organic compounds resulted in enhanced 
oxidation of the recalcitrant compounds (low-molecular-weight acids) at 155 C (Birchmeier et 
al., 1999). This observation was consistent with the work undertaken by Willms et al., who 
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discovered that the rate of m-xylene degradation was enhanced by the simultaneous addition of 
phenol (Willms et al., 1987). The reactive intermediates generated in the oxidation reactions of 
cellobiose and phenol (e.g., hydroxyl, HO
•
, and alkoxyl, RO
•
, radicals) were proposed to be 
responsible for the co-oxidation of the intractable compounds.  
 
1.3.2.3. Non – free-radical reactions 
Although the majority of chemical reactions that occur during the WO of organic compounds are 
proposed to be free-radical reactions, there are a number of other reactions that have the potential 
to lead to oxidation of organic compounds under typical WO conditions. These reactions include 
abstraction of an -hydrogen from a mono-, di- and/or aromatic carboxylic acid/salt by a 
hydroxyl ion (Furuya et al., 1985; Ichinose and Okuwaki, 1990; Tardio, 2002; Tardio et al., 
2004a; Tardio et al., 2004b; Wakabayashi and Okuwaki, 1988); removal of an alcoholic 
hydrogen from phenol in alkaline solution (Rivas et al., 1998); base-induced retro-aldol reaction 
of --hydroxyacids (Robers, 1979); nucleophilic attack on a carbonyl carbon by a hydroxyl ion 
followed by a hydride transfer to a water molecule (Loh et al., 2008b; Loh et al., 2010); and 
decarboxylation of a mono-, di- and/or aromatic carboxylic acid/salt (Britt et al., 1999; Maiella 
and Brill, 1996; Mantzavinos et al., 1996b). Figure 1-4 shows an example of each type of these 
non-free-radcial reactions. 
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Carbanion formation  
−
OOCCH3   +   HO
−
      −OOCCH2
−
   +   H2O 
Alkoxide formation 
C6H5OH   +   HO
−
      C6H5O
−
   +   H2O 
Retro-aldol reaction 
C6H8O7                             CH3COOH   +   HOOCCOCH2COOH    
Base-catalyzed oxidation by water  
HCOR   +   HO
−
      HOCHRO− 
HOCHRO
−
   +   2H2O      
−
OOCR   +   2H2   +   2HO
−
 
Decarboxylation reaction 
HOOCCH2COOH                   CO2   +   CH3COOH   
Figure 1-4   Examples of proposed non-free-radical reactions that can lead to oxidation of some 
organic compounds 
 
1.3.3. Research on wet oxidation under alkaline conditions 
Although there have been numerous published studies on WO of organic compounds, only few 
was conducted under alkaline conditions and even fewer reported on WO in highly alkaline 
solution (similar to Bayer liquor). In addition to the aforementioned studies there have also been 
a few published studies on the degradation (oxidative and non-oxidative) of organic compounds 
in highly alkaline solution, at temperatures typically used in WO, in the absence of oxygen. The 
aforementioned studies are of interest as similar reactions could possibly occur in analogous 
oxygenated systems.  
 
Loh and Machold’s research groups have investigated the fate of a range of low-molecular-
weight aliphatic compounds and aromatic compounds at temperatures ranging from 90 – 280 C 
(1.35) 
(1.36) 
(1.37) 
(1.38) 
(1.39) 
(1.40) 
 
O2 
Base-catalyst 
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in highly alkaline solution in the absence of oxygen (Loh et al., 2008b; Loh et al., 2010; Machold 
et al., 2011; Machold et al., 2009). A variety of reaction mechanisms were proposed to explain 
the products observed from the compounds studied. These mechanisms included base-induced 
oxidation by water (Equation 1.38 and 1.39), the retro-aldol reaction (Equation 1.37) or base-
catalyzed dehydration (Tardio et al., 2004a). These reaction mechanisms are not discussed in 
detail here as the major goal of this project is to investigate the reaction mechanisms of organic 
compounds at moderate – high temperatures in alkaline – highly alkaline solution in an O2 
atmosphere.  
 
The majority of studies that have been conducted on WO of organic compounds in alkaline 
solution have focused on the reactivity of low-molecular-weight aliphatic carboxylic acids 
(which are the main degradation products of the humic matter extracted from bauxite) (refer to 
Section 1.2). Some studies have also investigated the reactivity of alditols, which have been 
found to inhibit gibbsite precipitation (refer to Section 1.2.1), and aromatic compounds. Furuya 
et al. (1985) investigated the WO of a series of low-molecular-weight aliphatic carboxylic acids, 
including acetic, propionic, butyric and adipic acids, at 250 C under O2 in 25 M NaOH. All 
three monocarboxylic acids (acetic, propionic and butyric acids) underwent significant WO in 
120 minutes with similar rates of compound removal, whereas the dicarboxylic acid, adipic acid, 
showed a relatively slower rate. The main product formed during the WO of all carboxylic acids 
has been identified to be oxalic acid.  
 
Furuya et al has proposed a mechanism for the formation of oxalate from acetate under the 
conditions used in their study that firstly involves the formation of a carbanion through the 
abstraction of an adjacent alpha hydrogen atom on acetate by OH
−
. This reaction occurs due to 
the slight acidity of the adjacent alpha hydrogen atoms of acetate which is induced by the 
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electron-withdrawing carbonyl group. The carbanion intermediate formed is then proposed to 
react with O2 to form an intermediate peroxide anion. This reaction mechanism has been further 
completed by Wakabayashi and Okuwaki (1988), who conducted a study on the WO of acetate 
anion at 230 C in alkaline solution, based on Furuya’s work. In Wakabayashi and Okuwaki’s 
study the oxidation rate of acetate ion was demonstrated to increase with the OH
−
 concentration. 
The multi-step oxidation mechanism of acetate ion proposed by Wakabayashi and Okuwaki 
involves some aforementioned reactions is shown in Figure 1-5. The intermediate peroxide ion 
formed in Equation 1.23 and 1.32 can be easily oxidized to the final product, oxalate ion. 
 
−
OOCCH3   +   HO
−
      −OOCCH2
−
   +   H2O 
−
OOCCH2
−
   +   O2      
−
OOCCH2
•
   +   O2
•−
 
−
OOCCH2
•
   +   O2      
−
OOCCH2OO
•
 
−
OOCCH2OO
•
   +   
−
OOCCH2
−
      −OOCCH2OO
−
   +   
−
OOCCH2
•
 
−
OOCCH2OO
•
   +   O2
•−
      −OOCCH2OO
−
   +   O2 
Figure 1-5   Proposed reaction mechanism in the WO of sodium acetate in alkaline solution 
(Wakabayashi and Okuwaki, 1988) 
 
Furuya et al. (1985) have also examined the reactivities of several aromatic carboxylic acids in 
highly alkaline solution at 230 C. These compounds included benzoic, phthalic, isophthalic and 
terephthalic acids, which have been identified in Bayer liquors (as shown in Table 1-2). All of 
these aromatic carboxylic acids reacted relatively slower than the aforementioned 
monocarboxylic acids (acetic, propionic and butyric acids). The major stable compound 
produced from WO of the aromatic carboxylic acids that were studied was again oxalic acid. No 
reaction mechanism(s) were proposed for the WO of the aromatic compounds. Ichinose and 
Okuwaki (1990) investigated the WO of phthalic acid at 250 C under O2 in 5 M NaOH. An 
(1.35) 
(1.12) 
(1.22) 
(1.23) 
(1.32) 
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enhancement in the oxidation rate of phthalic acid was observed by either increasing the NaOH 
concentration, O2 partial pressure or reaction temperature. The WO of phthalate ion was 
proposed to occur via a similar mechanism as that mentioned earlier for acetate, i.e. via 
carbanion formation as shown in Equation 1.41 and 1.42.   
C6H4(COO
−
)2   +   OH
−
      C6H3(COO
−
)2
−
   +   H2O    
2C6H3(COO
−
)2
−
   +   7O2   +   2OH
−
      2(COO
−
)2
 
   +   6CO2   +   4H2O 
 
The WO of a series of alditols and hydroxyl acids, including threitol, threonic acid, sodium 
tartrate, xylitol, mannitol, mannonic acid, sorbitol, sodium gluconate and gallic acid, has been 
investigated under O2 atmosphere at 165 and 280 C in alkaline solution (Loh et al., 2008a). The 
results showed that all of the gibbsite yield inhibitors were essentially removed at 280 °C within 
120 minutes, whereas at 165 °C only those with C > 5 were oxidized. Threitol and sodium 
tartrate, and to a lesser extent threonic acid, were discovered to be stable towards wet oxidation 
at 165 °C under O2, in contrast to the other compounds investigated. Tardio et al. have however 
demonstrated that the oxidation rate of tartrate can be greatly improved with an excess oxygen 
supply at the same temperature in highly alkaline solution (Tardio et al., 2005). The oxidation 
mechanism of the compounds with a terminal carboxylate group (C > 5) was proposed based on 
the acidity of the hydrogen on the adjacent carbon as shown in Equation 1.43, where R = 
(CHOH)nCH2OH (n = 2, 3). The peroxyl free-radical intermediate formed can further react 
through a variety of complex mechanisms to ultimately form simpler organic species such as 
formate and oxalate, or carbonate. 
 
(1.41) 
(1.42) 
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2
2
2 
 
 
According to the aforementioned studies on the WO of Bayer organic compounds in the 
presence of O2 under alkaline conditions, most low-molecular-weight compounds, especially 
those with < 5 carbon atoms, require reaction temperatures up to 280 C for significant oxidation 
to occur within 2 hours. In contrast, the sodium salt of malonic acid, which is a C3 aliphatic 
dicarboxylic acid generally present in Bayer liquors, has been found to undergo oxidation at an 
appreciable rate at moderate temperature, 165 C (Eyer et al., 2002). Sodium oxalate and 
carbonate were identified as the final products in the WO of sodium malonate. Eyer et al. (2002) 
suggested that the oxidation of malonate is initiated by the superoxide anion (O2
•−
) under 
alkaline conditions and that the reaction proceeds via the formation of ketomalonate, which was 
detected during malonate oxidation. The proposed reaction mechanism is shown in Figure 1-6. 
 
 
 
 
 
 
 
 
 
• (1.43) 
 
Alkyl free-radical Peroxyl free-radical 
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 
2 
 
2
2C
 
2 3
Multi-pathways
C C
 
Figure 1-6   Proposed reaction mechanism in the WO of sodium malonate in alkaline solution, 
using O2
•−
as the oxidizing species (Eyer et al., 2002) 
 
On the basis of Eyer’s discovery, Tardio (2002) conducted further studies on the WO of sodium 
malonate at 165 C in a highly alkaline solution simulating that encountered in alumina refining 
(referred to as synthetic Bayer liquor). Significant compound removal was also observed in this 
study and the rate of malonate oxidation was demonstrated to increase with the caustic 
concentration. One more low-molecular-weight organic compound, sodium formate, was also 
identified as a product from malonate WO, besides sodium oxalate and sodium carbonate. The 
high reactivity of malonate at moderate temperature under alkaline condition was believed to be 
a consequence of the molecular structural features of malonate. According to the aforementioned 
reaction mechanism of acetate under WO conditions in alkaline solution (Wakabayashi and 
Okuwaki, 1988), the two electron-withdrawing carbonyl groups of malonate can induce a slight 
acidity to the hydrogen atoms on the neighbouring -carbon. One of the -H can then be 
removed by the OH
−
 ions to form a carbanion at high pH values. The proposed WO mechanism 
(1.44) 
(1.45) 
(1.46) 
Ketomalonate Peroxylmalonate 
Peroxyl free-radical Monoperoxalate  
 
Malonate 
Oxalate 
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of malonate that occurs via carbanion formation is shown in Figure 1-7. Note that this reaction 
mechanism was suggested based on Wakabayashi and Okuwaki’s study with limited 
experimental support.  
 
      
H2O
 
     
2
 
       
 
      
 Reactants 
Multi-stage
Products (oxalate, 
formate, carbonate)
 
Figure 1-7   Proposed reaction mechanism in the WO of sodium malonate in highly alkaline 
solution via carbanion formation (Tardio, 2002; Tardio et al., 2004a; Tardio et al., 2004b) 
 
As shown in Equation 1.48 the carbanion can react with O2 to form an alkyl free-radical 
intermediate, which can further react with O2 to form a peroxyl free-radical intermediate. Both of 
these free-radical intermediates were proposed to be responsible for co-oxidizing (initiating the 
oxidation of) other low-molecular-weight Bayer organics, including sodium acetate, propionate, 
butyrate, oxalate, succinate and glutarate, which have showed limited degradation (< 2%) in 
isolation under the same WO conditions (Tardio et al., 2004b). The proposed initial reaction 
• 
K1 
Malonate Carbanion 
Alkyl free-radical 
Peroxyl free-radical 
• 
(1.47) 
(1.48) 
(1.49) 
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steps in the co-oxidation of succinate by the malonate alkyl and peroxyl free-radicals are shown 
in Equation 1.33 and 1.34. The succinate alkyl radical formed in these reactions can react with 
O2 to form a peroxyl radical, which then degrades to the final products, including sodium malate, 
fumarate, acetate, oxalate, formate and carbonate, through multiple reaction steps (Tardio, 2002; 
Tardio et al., 2004a).  
 
A deeper understanding of the chemistry involved in the WO of malonate and further 
investigation of the previously proposed co-oxidation mechanisms between malonate free-radical 
intermediates and refractory low-molecular-weight organic compounds will intensively assist in 
understanding the chemistry of WO in highly alkaline solution. This in turn will most likely lead 
to the development of improved WO technology for enhancing the removal of organic impurities 
from Bayer liquor at moderate reaction temperature without the need for addition of foreign 
species.  
 
1.4. Introduction of the present study  
In this project the reactivities of sodium malonate and a range of substituted malonates, which 
contain the same malonate sub-unit with various substituents (either electron-withdrawing or 
electron-donating groups) attached on the -carbon, were investigated under WO conditions at 
200 C in the highly alkaline solution. The main reason to study the chemistry of the substituted 
malonates in WO is to demonstrate the alteration in the acidity of the -H on malonate with 
different substituents, and hence to study the effect of the -H acidity on the oxidation rate of 
malonate. The reactivities of a range of aliphatic dicarboxylates, which are the isomers of some 
substituted malonates but do not contain the malonate sub-unit, were also investigated under the 
same WO conditions. Comparison of the reactivities between these compounds and the 
31 
corresponding substituted malonates can illustrate the specialization of the malonate sub-unit (i.e. 
the acidity of the -H) on the ease of oxidation of the malonates.  
 
The main reaction steps in the oxidation mechanism of malonate and the substituted malonates in 
highly alkaline solution which were pre-proposed by Tardio were further investigated by 
obtaining direct or indirect experimental evidences. The carbanion formation step was confirmed 
via investigation of deuterium exchange of the -H(s) under anaerobic conditions and kinetic 
studies of the WO of the malonates at different caustic concentrations. The formation of free-
radical intermediates was examined by EPR and investigation of the WO kinetics under various 
oxygen partial pressures. The effect of addition of a free-radical scavenger to the solution on the 
reaction rates of the malonates was also investigated. The underlying reaction mechanisms 
between the free-radical scavenger and the potential malonate free-radicals were studied via 
kinetic modelling. The overall oxidation mechanism of malonate and the substituted malonates 
was then proposed based on the aforementioned experimental evidences and reaction products.  
 
The capacities of malonate and the substituted malonates on the co-oxidation of several low-
molecular-weight Bayer organic compounds were demonstrated under the same WO conditions 
via kinetic studies. The co-oxidation abilities of the malonates were correlated with their reaction 
rates in isolation (i.e. the acidities of the -H(s) in the malonates). The complex co-oxidation 
mechanisms were proposed based on the intermediate compounds and reaction products. Study 
of the reactivities of the mixtures (i.e. the interaction of organic compounds) and the underlying 
reaction mechanisms can provide insight into possible organic reactions in Bayer liquor. The 
molecular structures of the organic compounds investigated in this study are listed in Table 1-3.  
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Table 1-3   Chemical structure and molecular formula of organic compounds investigated.  
Compound Chemical Structure Molecular Formula 
Acetate 
 
C2H3O2

 
 
Oxalate 
 
 
C2O4
2
 
Propionate 
 
C3H5O2

 
Malonate 
 
C3H2O4
2
 
 
Chloro-malonate 
 
 
C3HO4Cl
2
 
 
Bromo-malonate  
 
 
C3HO4Br
2
 
 
Fluoro-malonate  
 
 
C3HO4F
2
 
Butyrate 
 
C4H7O2

 
Succinate 
 
C4H4O4
2
 
Methyl-malonate 
 
C4H4O4
2
 
Glutarate 
 
C5H6O4
2
 
 
Ethyl-malonate 
 
 
 
C5H6O4
2
 
 
Phenyl-malonate  
 
 
C9H6O4
2
 
 
Benzoate 
 
 
C7H5O
2
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1.4.1. Research Objectives 
The main research objectives summarized from the aforementioned studies of this project are 
outlined in the following paragraphs. 
  
Objective One – Investigation of the reaction steps in the WO of malonate and the substituted 
malonates in highly alkaline solution at moderate temperature (200 C) 
The main research areas investigated include: 
 Confirmation of the carbanion formation as the first reaction step via: 
- Observation of deuterium exchange of the -H(s) in the absence of oxygen 
- Investigation of WO kinetics at varying [OH−] 
- Study of the relationship between the rates of deuterium exchange and WO  
- Demonstration of the effect of the malonate sub-unit on the ease of oxidation of the 
malonates via comparison of the reactivities of malonate and non-malonate compounds 
under the same WO conditions 
 Confirmation of the formation of free-radical intermediates as the second reaction step, which 
is the rate-determine step (RDS) by: 
- Investigation of the WO kinetics under a range of oxygen partial pressures 
- Direct observation of free-radcial intermediates by EPR 
- Examination of the change in the reaction rates of the malonates with addition of a free-
radical scavenger 
- Study of the possible reaction mechanisms underlying the radical scavenging by kinetic 
modelling 
 Investigation of the reaction pathways of the free-radical intermediates generated based on the 
reaction products 
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Objective Two – Study of the abilities of malonate and the substituted malonates on the 
acceleration of the oxidation of refractory Bayer organic compounds under the same WO 
conditions in highly alkaline solution 
The investigated research areas include: 
 Study of the WO kinetics of the malonates and the refractory organic compounds in the 
isolated state and in the mixtures 
 Comparison of the total compound removals and reaction rates of the organic compounds in 
the individual presence and in the mixtures 
 Identification of the co-oxidation intermediate compounds and products  
 Investigation of the underlying co-oxidation mechanisms based on the intermediates and 
products 
 
Objective Three – Development of the analytical methods for quantification of the specific 
organic compounds and identification of the products and intermediates of the oxidation and co-
oxidation reactions 
The analytical methods developed include: 
 HPLC 
 GC/MS 
 NMR 
 EPR 
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CHAPTER 2  
EXPERIMENTAL 
 
2.1. Materials  
2.1.1. Chemicals  
The following chemicals were used without further purification; formic acid, CHCOOH, (98%, 
Aldrich); acetic acid, CH3COOH, (99.7%, Aldrich); propionic acid, CH3CH2COOH, (99.5 %, 
Aldrich); butyric acid, CH3(CH2)2COOH, (99%, Aldrich); oxalic acid, HOOCCOOH, (99%, 
Aldrich); oxaloacetic acid, HOOCCOCH2COOH, (98.0%, Sigma-Alderich); malonic acid, 
HOOCCH2COOH, (98.0%, Fluka); methyl-malonic acid, HOOCCH(CH3)COOH, (98.0%, 
Fluka); ethyl-malonic acid, HOOCCH(CH2CH3)COOH, (98.0%, Fluka); phenyl-malonic acid, 
HOOCCH(C6H5)COOH, (98.0%, Aldrich); benzoic acid, C6H5COOH, (99.5%, Sigma-
Alderich); succinic acid, HOOC(CH2)2COOH, (99.0%, BDH Chemicals); glutaric acid, 
HOOC(CH2)3COOH, (99.0%, Merck); glyoxylic acid, HOOCCHO (98.0%, Sigma-Alderich); 
glycolic acid, HOOCCH2OH, (98.0%, Sigma-Alderich); maleic acid, HOOCCHCHCOOH, 
(99.0%, Sigma-Alderich); pyruvic acid, HOOCC(CH3)O, (98.0%, Sigma-Alderich); aluminium 
hydroxide, Al(OH)3, (C31-, Alcoa World Alumina); sodium carbonate, Na2CO3, (99.9%, BDH 
Chemicals); sodium sulphate, Na2SO4, (99.0%, BDH Chemicals); sodium chloride, NaCl, 
(99.5%, BDH Chemicals); sodium phosphate, Na3PO4, (98%, Ajax); silicic acid, H2SiO3 (99.9%, 
Sigma-Alderich); sodium hydroxide, NaOH, (97.5%, BDH Chemicals); oxygen, O2, ( 99.5%, 
Linde); nitrogen, N2, ( 99.5%, Linde); diethyl chloro-malonate, C2H5OOCCHClCOOC2H5, 
(95%, Alderich); diethyl bromo-malonate, C2H5OOCCHBrCOOC2H5, (92%, Alderich); diethyl 
fluoro-malonate, C2H5OOCCHFCOOC2H5, (97%, Alderich); ether, CH3OCH3, (99.9%, Fluka); 
ethanol, CH3CH2OH, (99.5%, Sigma-Alderich); dipotassium phosphate, K2HPO4 (99%, 
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Sigma); monopotassium phosphate, KH2PO4 (99%, Sigma) and sodium 3-(trimethylsilyl)-1-
propanesulfonate, (CH3)3Si(CH2)3SO3Na, (ACROS, > 99%).  
 
Sodium bromo-malonate (90%), chloro-malonate (86%) and fluoro-malonate (94%) were 
synthesized from diethyl chloro-malonate, bromo-malonate and fluoro-malonate in the chemistry 
laboratory at RMIT University.   
 
2.1.1.1. Preparation of halide malonates  
The method used for the preparation of sodium bromo-malonate, chloro-malonate and fluoro-
malonate involved the addition of diethyl bromo-malonate, chloro-malonate and fluoro-malonate, 
respectively, drop wise to a solution of NaOH (2.1 g, 52.5 mmol) in 80 mL of ether. A white 
precipitate formed and the mixture was stirred at room temperature for 18 hours. The thick, 
white suspension was then filtered and the gummy white solid was washed with ethanol (to 
remove excess NaOH), ether, and then air dried. The product yields were calculated using the 
theoretical and experimental mass of sodium bromo-malonate, chloro-malonate and fluoro-
malonate.  
 
2.1.2. Solutions 
2.1.2.1. Solution for deuterium exchange experiments 
All D-exchange experiments, unless stated otherwise, were conducted in deuterium oxide, D2O 
(Uvasol, >99.9%) and sodium deuteroxide (NaOD) solutions with the OD
−
 concentrations of 
0.244 and 4.88 M. The caustic solutions were prepared through dilution of a stock NaOD 
solution (CIL, 40% wt in D2O) with D2O. 
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2.1.2.2. Solution for wet oxidation tests 
All WO experiments, unless stated otherwise, were conducted in 2.44 M NaOH solution. This 
concentration was chosen as it was similar to the concentration of the ‘free’ hydroxide typical of 
Bayer process liquor (Eyer et al., 2002). Selected tests were also conducted in solutions that 
contained a number of the inorganic species commonly found in Bayer liquor. The compositions 
of the solutions which are hereafter referred to as synthetic Bayer liquors are discussed in the 
proceeding section. 
 
2.2. Methods  
2.2.1. Deuterium exchange experiments 
2.2.1.1. Preparation of sodium deuteroxide solutions  
10 mL batches of NaOD/D2O solution were prepared at varying concentrations (0.488, 1.44, 
4.88 and 9.76 M) by diluting 0.456, 1.346, 4.560 and 9.120 mL of the 40% wt stock NaOD 
solution to 10 mL with D2O.   
 
2.2.1.2. Apparatus  
All D-exchange experiments were conducted in a 20 mL Teflon bomb (manufactured in a 
workshop at Research School of Chemistry, ANU, Canberra). 
 
2.2.1.3. Procedures and conditions 
2.5 mL of D2O or NaOD/D2O solution was added to the Teflon bomb, followed by 2.5 mL of the 
organic compound of interest at a concentration of 0.72 M. The organic compound solutions 
were made using the organic compounds in their acid form. These solutions were subsequently 
neutralized to pH 7 using a 1.44 M NaOD/D2O solution prior to use. The aforementioned 
procedure resulted in solutions containing 0.36 M of the organic compound and 0, 0.244 or 4.88 
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M NaOD in D2O. The solution was then degassed with high purity nitrogen and the headspace 
was flushed with nitrogen prior to sealing the bomb. The solution was then brought to the desired 
temperature and held at temperature for 2 hours. The bomb was then cooled and the solution was 
collected for NMR analysis. A control experiment for each compound was also carried out in 
water and NaOH/H2O solution (0.244 and 4.88 M) in the absence of oxygen.  
The standard conditions used for all deuterium exchange experiments, unless stated otherwise, 
are outlined below: 
 [
−
OD] = 0, 0.244 and 4.88 M 
 [organic] = 0.36 M 
 Temperature = 200 C in an oven or room temperature (25 C) 
 Reaction time = 2 hours 
 N2 atmosphere 
 
2.2.1.4. Observation of D-exchange  
The reactivities of organic compounds under neutral and alkaline conditions in the absence of O2 
were investigated by obtaining the 
13
C nuclear magnetic resonance (NMR) spectra of these 
compounds on a Bruker Advance 300 spectrometer.  
 
The method used was as follows: the solutions collected from the D-exchange experiments were 
transferred to NMR tubes containing a capillary of D2O (solvent) which were then inserted into 
NMR for analysis. The chemical shifts of the peaks observed in the 
13
C NMR spectra were 
referenced to the internal standard, sodium salt of 3-(trimethylsilyl)-1-propanesulfonic acid at 0 
ppm. The standard parameters used for all NMR analysis are outlined below: 
Acquisition Parameters 
 Number of Transients (to enhance signal/noise ratio): 15000  
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 Number of Scans (to reach steady-state conditions): 4 
 Time: 16 Hours                   
 Temperature: 20 C  
 FID Resolution: 0.3 Hz 
 Acquisition Time: 1.8 sec      
 Dwell Time: 27.8 sec       
 Initial Delay: 2.0 sec 
 Pulse Length: 6.0 sec 
Processing Parameters     
 Spectral Frequency: 300 MHz 
 Sinebell Shift: 0       
 Line Broadening: 1.0 Hz 
 Gaussian Broadening: 0      
 Apodization Function: EM 
 
2.2.2. Wet oxidation experiments 
2.2.2.1. Preparation of NaOH solutions and synthetic Bayer liquors  
2.0 L batches of 2.44 M NaOH solution were prepared by slowly adding 1.0 L of Milli-Q water 
to dissolve 195.2 g of NaOH pellets in a 2.0 L plastic beaker with continuous stirring. The 
resulting solution was then made up to 2.0 L with Milli-Q water and separated into five equal 
portions for use in WO tests. 2.0 L batches of 0.244, 0.488 and 4.88 M NaOH solution were 
prepared using the same method. 
 
1.2 L of synthetic Bayer liquor 1 was prepared by dissolving 211.20 g of NaOH in 500 mL Milli-
Q water in a 2.0 L plastic beaker, followed by the slow addition of Al(OH)3 (183.48 g), Na2CO3 
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(50.88 g), NaCl (24.00 g), Na2SO4 (30.00 g), Na3PO4 (0.44 g) and silicic acid  (1.28 g) with 
continuous stirring. Once the compounds were dissolved as much as possible, the solution was 
transferred to a 1.2 L Inconel
®
 autoclave, which was sealed and heated at 100 C for 1 hour with 
continuous stirring to ensure complete dissolution of all components. The synthetic Bayer liquor 
was then transferred back to the plastic beaker and diluted to 1.2 L with hot Milli-Q water and 
separated immediately into three equal portions. The composition of the resulting synthetic 
Bayer liquor is given in Table 2-1. A batch of 1.2 L of synthetic Bayer liquor 2, which only 
contains Al(OH)3 (1.96 M) and Na2CO3 (0.40 M), was prepared at the same caustic 
concentration (4.40 M) using the same method as for the synthetic Bayer liquor 1.  
 
Table 2-1   Composition of synthetic Bayer liquor 
Compound Concentration (M) 
Al (expressed as Al2O3) 1.96  
NaOH 4.40 
Na2CO3 0.40 
Na2SO4 0.18 
NaCl 0.34 
Na3PO4 0.002 
Si (expressed as SiO2) 0.014 
 
Although the amount of sodium hydroxide used to prepare the synthetic Bayer liquors gives a 
caustic concentration of 4.40 M, the actual ‘free’ hydroxide ion concentration in the synthetic 
Bayer liquors was 2.44 M. This is due to the reaction between sodium hydroxide and aluminium 
hydroxide (shown in Equation 2.1) which produces the sodium aluminate ion.  
Al(OH)3(s)   +   NaOH(aq)   
  
   
Na
+
Al(OH)4
− 
(aq) 
 
(2.1) 
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2.2.2.2. Apparatus 
All WO tests were conducted in a 1.2 L Inconel
®
 autoclave (Parr Instruments Co. USA), which 
was fitted up with a magnetically driven stirrer assembly that contained two six vane impellers. 
The autoclave apparatus also had a line for gas addition and sample collection, respectively, and 
water lines for cooling / heat control. Temperature and stirrer speed were adjusted using a Parr 
4843 controller connected to the autoclave apparatus. The pressure in the autoclave was also 
displayed on the controller and was measured via a pressure transducer attached to the autoclave 
apparatus. A schematic diagram of the autoclave set up used is displayed in Figure 2-1. 
 
 
 
Figure 2-1   Schematic diagram of autoclave system 
In-line pressure 
gauge 
Pressure gauge 
Check valve 
Water out 
Water in 
Gas inlet 
line Vent 
Bench top 
Furnace wall 
Thermowell 
Stirrer assembly- two 
six-vane impellers 
Sampling line 
Internal water 
cooling lines 
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2.2.2.3. WO test procedure 
The method utilized to conduct WO tests involved the addition of 400 mL of the solution of 
interest to the reaction vessel, followed by the acid form of the organic compound(s) investigated. 
The acid form of the organic compounds tested was readily converted to the sodium salt form by 
reacting with NaOH in the test solutions used (based on the pKa values of the organics studied 
and the pH of the NaOH solutions used (pH  14)). The reaction vessel was then sealed and 
evacuated using a vacuum line to remove oxygen in the headspace of the reactor vessel. This was 
done to prevent possible oxidation while heating the solution to the required reaction temperature. 
The sample solution was then stirred and heated to the required temperature. The increase in 
liquor concentration due to vaporization to the saturation vapour pressure in the headspace was 
estimated to be 6.5% for tests conducted at 200 °C. The time at reaching the target temperature 
was assigned to be time zero, at which point oxygen was introduced to the reaction vessel at the 
required partial pressure. The required oxygen partial pressure was kept constant over the entire 
testing period. Samples were collected at pre-determined times throughout the process. Tests 
were also conducted for the organic compounds of interest under a nitrogen atmosphere to 
determine if (and to what extent) degradation occurred in the absence of oxygen.  
 
The standard reaction conditions used for all WO experiments, unless stated otherwise, are 
outlined below: 
 [OH
−
] = 2.44 M 
 [organic] = 0.03 M 
 Temperature = 200 C. 
 Stirring speed = 300 rpm 
 Oxygen partial pressure = 700 kPa 
 Reaction time = 90 minutes, upon the addition of oxygen 
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 Times at sample collection = 0, 15, 30, 60 and 90 min 
 
These conditions were chosen mainly based on the key aspect of the project that was to 
investigate the chemistry of individual and multiple organic compounds at relatively lower 
temperature and pressure. The other factors considered included instrumental and analytical 
limitation, safety issues and relevant literature. 
 
2.2.2.4. Sample collection and treatment  
All samples were collected from the autoclave via the sampling line shown in Figure 2-1. The 
gas inlet line was closed prior to sample collection and the sampling line was rinsed using about 
10 mL of the solution to remove any impurities remaining in the line from prior samples. About 
25 ml of the sample solution was then collected and diluted (1:4) with Milli-Q water 
immediately after collection. The diluted solution was then transferred to a non-transparent 
plastic bottle and stored for analysis.  
 
2.2.2.5. Analysis of organic compounds 
2.2.2.5.1. HPLC 
The organic compounds of interest and reaction products present in samples collected from WO 
tests were quantified and qualified by a high-performance liquid chromatography (HPLC) 
equipped with a Waters Associates 6000A solvent delivery system and a Waters Associates 
Model 450 variable wavelength detector. 
 
Organic compounds were separated using a Wakosil-II 5C18 RS column (4.6 x 150 mm I.D., 
particle size 5 m, SGE). The mobile phases used were: A, 20 mM H3PO4-NaH2PO4 buffer (pH 
2.5) and B, 40 % CH3CN + 60 % 10 mM KH2PO4-NaH2PO4 buffer (pH 3.0). Mobile phase A 
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was used to analyze sodium acetate, oxalate, propionate, butyrate, succinate, glutarate, malonate, 
chloro-malonate, bromo-malonate, fluoro-malonate and methyl-malonate, whereas B was used 
for sodium benzoate and phenyl-malonate. Sodium ethyl-malonate was analyzed using a 
combination of mobile phase A (80 %) and B (20 %). All sample solutions were acidified to pH 
3.0 using ortho-phosphoric acid (H3PO4) and then injected in triplicate. The internal standards 
used were chloroacetic acid for the organic compounds analyzed by mobile phase A, hexanoic 
acid for sodium ethyl-malonate, phenylmalonic acid for sodium benzoate and trimesic acid for 
sodium phenyl-malonate.  
 
Reaction products were separated using an Aminex HPX-87H column (7.8 x 300 mm I.D., 
particle size, 9 µM, Bio-Rad). The mobile phase used for this column was 0.004 M H2SO4 
solution. All sample solutions were acidified to pH 7.0 using sulfuric acid (H2SO4) and then 
injected in triplicate. A standard containing sodium oxalate, formate, acetate, succinate, maleate, 
glyoxylate, glycolate, propionate, butyrate, pyruvate and oxaloacetate was used for product 
identification.   
 
The HPLC parameters used were as follows:  
 Flow-rate = 1.0 mL/min (organic compounds used in WO tests) and 0.6 mL/min (reaction 
products from WO tests)  
 UV detector wavelength = 210 nm 
 Temperature = 25 °C 
 Injection volume = 20 L  
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2.2.2.5.2. GC/MS  
The products of the wet oxidation of sodium phenyl-malonate in alkaline solution were identified 
using a Varian CP-3800 gas chromatography (GC) combined with a Varian Saturn 2200 tandem 
mass spectrometry (MS/MS). 
 
The organic compounds were derivatized prior to analysis. The derivatization method involved 
mixing 5 mL of the sample solutions obtained from WO tests with 5 mL of 600 ppm hexanoic 
acid (internal standard). The mixtures were acidified to about pH 1 using 2 mL of 35% HCl (AR 
grade). 12 mL of n-butanol (AR grade) was then added and the mixtures were shaken thoroughly 
for 20 min. Once the mixtures had settled down, 10 mL of the organic (butanol) phase that 
contained the compounds of interest from each mixture was transferred to a 20 mL test tube, 
followed by the addition of 1 mL of 98% H2SO4 (AR grade). The test tubes were then placed in a 
water bath and the esterification of the organic compounds was accomplished at 80 C for 24 h. 
The tubes were then cooled at room temperature and 1mL of the derivatives was then neutralized 
with 0.4 M NaHCO3 (AR grade), followed by shaking with 10ml of hexane (AR grade) for 20 
min. 2.0 mL of the hexane phase was transferred to a vial for GC/MS analysis.  
 
The compounds were separated on a BPX-5 ms fused-silica capillary column (30 m x 0.25 mm 
I.D., 0.25 m film thickness). The GC/MS parameters for analysis were as follows:  
GC parameters 
 Injector Temperature = 250 C 
 Detector Temperature = 250 C   
 Injection Volume = 1 L   
 Injection Mode = Split mode with a split ratio of 1:10 
 Initial Oven Temperature = 60 C 
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 Final Oven Temperature = 190 C maintained for 5 min 
 Temperature Program Rate = 5 C / min   
 Constant Column Flow = 1.0 mL / min 
 Carrier Gas = Helium      
 Oven Maximum Temperature = 325 C 
MS parameters 
 Emission Current: 10 mA      
 Scan Time: 0.370 s 
 Mass Range: 40 – 450 m/z 
 
2.2.2.6. Identification of free-radical intermediates 
The formation of free-radical intermediates in selected WO tests was investigated using the 
following procedure / instrumentation:   
~5 mL of sample from a WO test was collected into a plastic bottle. Two portions of 100 L of 
this solution were transferred immediately from the sample collection bottle into two specific 
tubes (Quartz (CFQ), 4 mm OD) used for electron paramagnetic resonance (EPR) spectroscopy. 
One of the tubes contained 100 L of the spin-trapping reagent, 5,5-dimethylpyrroline-N-oxide 
(DMPO). (Note transfer of test solution directly from the autoclave into the EPR tube was not 
possible due to significant differences in the diameters of the sample collection line and the EPR 
tube). The 0.4 M DMPO solution used was prepared by dissolving 0.0453 g of DMPO (97%, 
Sigma) in 1 mL of 0.1 M potassium phosphate buffer (pH 6.8), which was prepared by 
dissolving 0.8657g of K2HPO4 and 0.6845 g of KH2PO4 in 100 mL of Milli-Q water. The EPR 
tubes containing the samples were then frozen immediately in liquid nitrogen to slow down the 
reaction of any free-radical intermediates prior to EPR analysis. EPR analysis was conducted 
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using a Bruker ESP 380 FT/CW X-band spectrometer equipped with a standard rectangular 
TE102 cavity. 
 
The EPR parameters used were as follows: 
 Microwave Frequency = 9.418 GHz  
 Temperature = Room temperature (25 C)    
 Microwave Power = 1.05 x e
1
 mW 
 Modulation Frequency = 100 kHz 
 Modulation Amplitude = 2.005 G     
 Receiver Gain = 2.00 x e
5
 
 Time Constant = 81.92 ms      
 Conversion = 81.92 ms      
 Sweep Time = 83.89 s  
 Centre Field = 3350 G      
 Sweep Width = 80 G 
 Resolution = 1024 points 
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CHAPTER 3  
OXIDATION MECHANISM OF THE MALONATES – 
STEP 1: CARBANION FORMATION 
 
3.1. Introduction 
Sodium malonate is a common organic compound that has been identified in various Bayer 
liquors worldwide (Table 3-1). WO of sodium malonate under Bayer conditions has shown that 
this dicarboxylate is particularly susceptible to WO at moderate temperatures (165 C) (Tardio, 
2002; Tardio et al., 2004a; Tardio et al., 2004b). It has been suggested that this is due to an 
unusual lability and slightly acidic nature of the methylene (-) hydrogens in the malonate 
structural unit which facilitates the removal of one of these hydrogens to form a carbanion 
intermediate under alkaline condition, as per the proposed equilibrium reaction shown in Figure 
1-7 (refer to Section 1.3.3.).  
 
Table 3-1   Summary of low-molecular-weight aliphatic dicarboxylates investigated in this 
chapter that have been identified in various Bayer liquors worldwide. 
Country  Identified Dicarboxylates    Reference  
Australia  oxalate, malonate, succinate and glutarate (Niemela, 1993) 
Jamaica malonate, succinate and glutarate (Baker et al., 1995) 
Japan oxalate, succinate and glutarate (Yamada et al., 1981) 
Germany oxalate and succinate (Brown, 1989) 
Hungary oxalate, succinate and glutarate (Matyasi et al., 1986) 
Laos oxalate, malonate, succinate and glutarate (Xiao and Ren, 2006) 
India oxalate, succinate and glutarate (Rao and Goyal, 2006) 
Unknown oxalate, malonate and succinate (Picard et al., 2002) 
Unknown oxalate, succinate and glutarate (Solymár et al., 1996) 
Unknown oxalate, malonate, succinate and glutarate (Guthrie et al., 1984) 
Unknown oxalate, malonate, succinate and glutarate (Xiao et al., 2007b) 
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Although the formation of a carbanion has been proposed as a general first reaction step in the 
oxidation mechanism of various carboxylates identified in Bayer process liquors containing -
hydrogens in alkaline solution (Table 3-2), there is a  lack of evidence supporting the hypothesis 
of the carbanion formation. Confirmation of the formation of a carbanion is not only a key aspect 
to gain a greater understanding of the reaction mechanism for the oxidation of this class of 
carboxylates under Bayer conditions, but also an important step in determining how free-radical 
intermediates which are capable of initiating the oxidation of refractory compounds form. As 
mentioned in Section 1.3.3., a deeper understanding of the underlying reaction mechanism in the 
WO of individual and mixtures of organic compounds is of special interest to the development of 
improved WO technology.  
 
Table 3-2   Summary of studies on carbanion formation in the WO of mono-, di- and aromatic 
carboxylates in alkaline solution   
Carboxylate Proposed Reaction Mechanism Reference 
Acetate CH3COO

 + OH

  CH2COO

 + H2O 
(Furuya et al., 1985; Wakabayashi 
and Okuwaki, 1988) 
Malonate  CH2(COO

)2 + OH

  CH(COO

)2 + H2O
 
(Tardio, 2002; Tardio et al., 
2004a; Tardio et al., 2004b) 
Phthalate C6H4(COO

)2 + OH

  C6H3(COO

)2

 + H2O (Ichinose and Okuwaki, 1990) 
 
In this chapter the formation of the carbanion has been investigated in highly alkaline solution as 
the initial step in the oxidation mechanism of a range of aliphatic dicarboxylates containing the 
malonate structure unit which includes sodium malonate, methyl- and ethyl-malonate as shown 
in Table 1-3 (refer to Section 1.4.). The reactivities of the -hydrogen atom(s) in malonate and 
the substituted malonates under alkaline conditions is demonstrated using 
13
C NMR to detect 
deuterium (D-) exchange of the -hydrogen(s) under nitrogen (i.e. anaerobic conditions) in 
 
 
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NaOD/D2O solution. Previous studies of the D-exchange of the -hydrogens in malonate are 
summarized in Table 3-3. These reactivities are correlated with the products of the WO reaction 
which are analyzed by HPLC and 
13
C NMR, and the observed reaction kinetics.  
 
Table 3-3   Summary of NMR studies on D-exchange of the -hydrogens of malonate  
Type of NMR Analysis Solution Temperature (C) Reference 
 
1
H and 
13
C 
D2SO4 (acid) 
D2O/NaOD (base)  
D2O/Na2CO3 (neutral) 
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(Amirhaeri et al., 
1979) 
1
H D2O/D2SO4 (acid) 25 
(Hansen and Ruoff, 
1988) 
 
In order to support the exceptionalness of the malonate structure unit on the ease of oxidation of 
this class of compounds in alkaline solution, the reactivity of the -hydrogen(s) present in a 
range of aliphatic dicarboxylates that do not contain the malonate structure unit has been studied 
by 
13
C NMR under the same conditions. All of these non-malonate dicarboxylates, which include 
sodium oxalate, succinate and glutarate, have been identified in various Bayer liquors worldwide 
(Table 3-1). Succinate and glutarate are the isomers of methyl-malonate and ethyl-malonate. The 
kinetics of the WO of these compounds has also been investigated and correlated to the 
13
C 
NMR study. The observed reactivities of the -hydrogen(s) and the oxidation rates of the non-
malonate compounds are compared with those of the malonate compounds.  
 
In order to further investigate the effect of the substitution groups attached at the -position of 
malonate on the reactivity of the -hydrogen in highly alkaline solution, the kinetics of the WO 
of a range of malonate compounds containing a non-aliphatic, electron-withdrawing group such 
as a halide or phenyl group has also been studied under the same conditions. The D-exchange of 
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the -hydrogens investigated by 13C NMR and the kinetics of the WO reaction are compared 
with those of the malonate compounds.  
 
3.2. Experimental 
Please refer to Chapter 2 for descriptions of all reagents, analytical methods, experimental 
procedures and conditions of the experiments conducted in this chapter.  
 
3.3. Results and Discussion 
3.3.1. Investigation of carbanion formation in the oxidation mechanism of malonate and 
substituted malonates in highly alkaline solution 
According to the chemical structures of malonate and the substituted malonates shown in Table 
1-3 (refer to Section 1.4), the two electron-withdrawing carboxylate (-CO2

) groups (Smith and 
March, 2007a) on the malonate structure unit can potentially weaken the C-H bond on the central 
(-) carbon, imparting a slight acidity to the hydrogen(s) on this carbon (Smith and March, 
2007b). The -hydrogen(s) may therefore be abstracted by OH- in alkaline solution, leading to 
the formation of a carbanion intermediate in equilibrium with the malonates as shown in 
Equation 3.1 (note that Equation 3.1 is proposed based on Equation 1.47 (refer to Section 
1.3.3.)), in which R = H, CH3 or CH2CH3. The acidity of the -hydrogen will be reduced in the 
substituted malonates (when R= CH3 or CH2CH3) because of the electron-donating effect of the 
alkyl groups (Smith and March, 2007a).  
H2O
 
 
(3.1) 
K1 
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The proposed reaction shown in Equation 3.1 involves a dynamic exchange of proton between 
the malonates, water and hydroxyl ions. This exchange can be observed by replacing the water 
and hydroxide with D2O and OD

 and using 
13
C NMR spectroscopy to detect the formation of 
deuterated malonates (Ichinose and Okuwaki, 1990). Malonate has two exchangeable protons so 
it can potentially form mono- and/or di-deuterated species shown in Equation 3.2. 
 
OD-/D2O OD-/D2O
 
                       No exchange                 Partial exchange                        Full exchange 
The coupling patterns of the -carbon present in the different malonate species are shown in 
Table 3-4. The absence of D-exchange results in a singlet, partial exchange provides a 3-way 
splitting giving a triplet with intensity ratios of 1:1:1, and full exchange results in a 5-way 
splitting producing a quintet with ratios of 1:2:3:2:1 (Hathaway, 2006).  
 
The substituted malonates have only one exchangeable proton, so they can only form the mono-
deuterated species shown in Equation 3.3, in which R = CH3 or CH2CH3. 
 
OD-/D2O
 
                                                 No exchange                           Full exchange 
These two species only produce a singlet or a triplet peak for the -carbon when no deuteration 
or full deuteration occurs respectively. The presence of both patterns together indicates partial 
exchange.  
 
 
(3.2) 
(3.3) 
53 
Table 3-4   Overview of the coupling patterns based on one 
13
C nucleus with 0, 1 and 2 D atoms 
(assuming equal coupling constants)  
 
 
 
 
 
 
 
 
 
To test for the occurrence of the exchange reactions, malonates were dissolved in D2O and 
NaOD/D2O solutions. The solutions were held at temperature for two hours and then analyzed by 
13
C NMR at room temperature without further treatment. In order to investigate the effect of the 
caustic concentration and temperature on the chemistry the organic compounds studied, two 
NaOD concentrations (0.244 and 4.88 M) and two temperatures (25 and 200 C) were used in 
the D-exchange experiments. The organic concentration used in these experiments was 10 times 
higher than in the WO process due to the analytical limitation of 
13
C NMR. Tests on the stability 
of the malonates in alkaline solution (0.244 and 4.88 M NaOH) at 200 C in the absence of 
oxygen showed that these compounds are stable under these conditions. 
13
C NMR spectra of 
malonate solutions exposed to different conditions are shown in Figures 3-1 – 3-3. The main 
features and interpretation of the NMR spectra of all the malonates for all reaction conditions are 
summarized in Tables 3-5 and 3-6 (Amirhaeri et al., 1979; Colsenet et al., 2002).    
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Figure 3-1   
13
C NMR spectra of malonate (reaction time = 2 h; [malonate] = 0.36 M; nitrogen 
atmosphere) 
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Figure 3-2   
13
C NMR spectra of methyl-malonate (reaction time = 2 h; [methyl-malonate] = 
0.36 M; nitrogen atmosphere) 
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Figure 3-3   
13
C NMR spectra of ethyl-malonate (reaction time = 2 h; [ethyl-malonate] = 0.36 M; 
nitrogen atmosphere) 
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Table 3-5   Summary of the main features and interpretation of the 
13
C NMR spectra of the 
malonates observed in D2O (pH = 6.8) 
Multiplicity: S = singlet; T = triplet; Q = quintet; Degree of exchange: N = no exchange; P = 
partial exchange; F = full exchange  
 
 
 
 
 
 
 
 
 
 
 
 
 
Compound T (°C) 
Chemical Shift of 
-Carbon (ppm) 
Multiplicity 
Degree of 
Exchange 
Malonate 
25 
49.17 
48.66 – 49.17 
48.13 – 49.17 
S 
T 
Small Q 
P 
200 48.88 – 49.91 Q F 
Methyl-
malonate 
25 53.58 S N 
200 
53.73 – 54.25 
54.37 
T 
Small S 
P 
Ethyl-
malonate 
25 61.48 S N 
200 
62.00 – 62.52 
62.67 
T 
Small S 
P 
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Table 3-6   Summary of the main features and interpretation of the 
13
C NMR spectra of the 
malonates observed in NaOD/D2O solution 
Multiplicity: S = singlet; T = triplet; Q = quintet; Degree of exchange: N = no exchange; P = 
partial exchange; F = full exchange 
 
According to Figure 3-1 and Table 3-5, the splitting patterns of the malonate -carbon observed 
in D2O at 25 C is an asymmetric quintet.  This pattern can be explained as a combination of the 
overlapping of a quintet, triplet and singlet due to the presence of all three possible species 
shown in Equation 3.2 indicating partial exchange of the -hydrogen atoms with D from the 
D2O.  In contrast to malonate the -carbons on methyl- and ethyl-malonate produce only singlets 
which demonstrate that there is no -hydrogen exchange for these compounds under these 
conditions.  In D2O at 200 C, malonate shows full exchange on the -carbon, which is observed 
Compound 
[NaOD] 
(M) 
T (°C) 
Chemical Shift of 
-Carbon (ppm) 
Multiplicity 
Degree of 
Exchange 
Malonate 
0.244 
25 
48.89 – 49.93 
49.41 – 49.93 
49.41 
Q 
T 
small S 
P 
200 48.88 – 49.93 Q F 
4.88 200 49.00 – 50.02 Q F 
Methyl-
malonate 
0.244 
25 54.39 S N 
200 
53.76 – 54.29 
54.39 
T 
small S 
P 
4.88 200 
53.39 – 53.89 
54.00 
T 
small S 
P 
Ethyl-
malonate 
0.244 
25 65.86 S N 
200 
65.35 – 65.74 
65.86 
T 
small S 
P 
4.88 200 
61.71 – 62.16 
62.33 
T 
small S 
P 
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as a symmetric quintet.  Partial exchange occurs for the substituted malonates under these 
conditions, indicated by the combination of one symmetrical triplet and one small singlet.  
 
In addition to the deuterium exchange, each of these malonates reacts to form the corresponding 
mono-acid anion with one less carbon atom, i.e. acetate, propionate or butyrate, respectively, in 
D2O at 200 C. The formation of acetate from malonate has been identified according to the 
HPLC chromatogram of malonate in D2O at 200 C and the 
13
C NMR spectrum of acetate 
observed under the same conditions shown in Figures 8-1 and 8-2 (refer to Appendix). This is 
consistent with the results of Belsky and Maiella, who found that malonate undergoes 
decarboxylation in water at 200 C (Belsky et al., 1999; Maiella and Brill, 1996). Given the 
exchangeability of the -hydrogens, this results in the formation of deuterated acetate from 
malonate in D2O according to Equation 3.4.  Deuterated propionate and butyrate may be formed 
in the same way from the corresponding substituted malonates as shown in Equation 3.5, in 
which R = CH3 or CH2CH3. 
 

+ CO2
 
           Deuterated acetate 

+ CO2
 
                                   Deuterated propionate  
                                                                                                        or butyrate 
 
(3.4) 
(3.5) 
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At pH 7, about 93% of malonate is present as the carboxylate dianion and 7% exists as the 
monoanion (pKa2 = 5.7). The dianion is too stable to undergo decarboxylation due to the 
resonance structure of the carboxylate groups that are equivalent in all respect, i.e. the negative 
charge is “shared” between the two electronegative oxygen atoms. Therefore the mechanism of 
decarboxylation preferably occurs via the monoanion as shown in Equation 3.4. The observed 
lack of acetate formation in strongly alkaline solution is consistent with the absence of the 
monoanion species under those conditions. 
 
In contrast with the coupling pattern of the -carbon on malonate at 25 C in D2O, a more 
symmetric quintet is observed at 25 C in 0.244 M NaOD indicating that the extent of D-
exchange for malonate increases with solution alkalinity. This increase in D-exchange is not 
obvious for the substituted malonates (note that there are two singlets representing the methyl 
carbon on methyl-malonate at 25 C in 0.244 M NaOD which indicates some minor D-exchange 
of the -hydrogen, although the coupling pattern of the -carbon is a singlet). In 0.244 M NaOD 
at 200 C the coupling pattern of the -carbon on malonate is a close match to a symmetric 
quintet peak indicating virtually full D-exchange. By contrast, a combination of one triplet and 
one small singlet is present for both of the substituted malonates under the same conditions 
indicating only partial exchange. In 4.88 M NaOD at 200 C the splitting patterns of the -
carbons on malonate and the malonate derivatives are all similar to those observed in 0.244 M 
NaOD except for a degree of line broadening and elevated background which is most likely 
attributed to viscosity effects (Isogai, 1997). There is no evidence of decarboxylation in any of 
the malonates in alkaline solution or the presence of other compounds (e.g. degradation products) 
which indicates that these compounds are stable under these conditions at 200 C in the absence 
of oxygen.  
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Comparison of the NMR spectra shows that the -hydrogens on malonate exchange more readily 
than those on the substituted malonates because: (1) the -hydrogens partially exchange at 25 C 
in both D2O and NaOD for malonate, but not for the substituted malonates; and (2) the extent of 
D-exchange is greater for malonate than for the malonate derivatives at 200 C in both D2O and 
NaOD. The different reactivities of the malonates are primarily caused by the different 
substituents attached to the -carbons. The -CH3 and -CH2CH3 substituent groups on the 
substituted malonate are more electron-donating relative to the hydrogen atom on malonate, 
causing the -hydrogens to be less acidic (Maiella and Brill, 1996). All these factors may result 
in a larger equilibrium constant (K1) for malonate during the carbanion formation (Equation 3.1) 
and hence shift the equilibrium position to the right. 
 
3.3.2. Wet oxidation of the malonates in alkaline solution  
All of the WO experiments were carried out in pure NaOH solutions. Tests in this laboratory 
have demonstrated that the oxidation rates of sodium malonate under oxygen partial pressure of 
700 kPa in two synthetic Bayer liquors containing 4.40 M NaOH and different compositions of 
chemicals (synthetic liquor 1 contains Al(OH)3, Na2CO3, NaCl, Na2SO4, Na3PO4 and silicic acid; 
synthetic liquor 2 only contains Al(OH)3 and Na2CO3), are similar to the rate measured in a pure 
NaOH solution of the same “free hydroxide” concentration (2.44 M). The results are shown in 
Figure 3-4. It is consistent with the expectation that the influence of aluminate is primarily 
through its effect on the free hydroxide concentration.  
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Figure 3-4   WO of malonate in various caustic solutions (T = 200 C; reaction time = 90 
minutes; initial [malonate] = 0.03 M; pO2 = 700 kPa; free [OH

] = 2.44 M) 
 
3.3.2.1. Wet oxidation products  
WO tests of the malonates were conducted in NaOH solution at 200 C under N2 and O2 for 90 
minutes at NaOH concentrations of 0.244, 0.488, 2.44 and 4.88 M. These concentrations were 
reduced to 0.184, 0.428, 2.38 and 4.82 M by the reaction with the appropriate malonic acid at a 
mole ratio of 1:2. The pH values of the 0.184 and 0.428 M solutions were measure to be greater 
than 13, whereas the pH for the 2.38 and 4.82 M solutions were greater than 14. The reaction 
products determined by HPLC analysis are summarized in Table 3-7. The HPLC chromatograms 
of the alkaline (2.44 M NaOH) malonate solutions that had been exposed to oxygen at 90 
minutes are shown in Figure 3-5 – 3-7 (note that carbonate cannot be analyzed by HPLC but it 
can be observed using 
13
C NMR). 
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Table 3-7   Products of reaction of malonates under N2 and O2 in caustic solution 
 Products 
Compound N2 O2 
Malonate No products oxalate, formate, carbonate 
Methyl-malonate No products oxalate, formate, acetate, carbonate 
Ethyl-malonate No products oxalate, formate, propionate, carbonate 
Conditions: T = 200 C; pO2 = 700 kPa; starting [organic] = 0.03 M; [OH

] = 0.184, 0.428, 2.38 
and 4.82 M 
 
 
 
Figure 3-5   HPLC chromatogram of malonate test solution (T = 200 C; reaction time = 90 
minutes; initial [malonate] = 0.03 M; [OH

] = 2.38 M; pO2 = 700 kPa) 
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Figure 3-6   HPLC chromatogram of methyl-malonate test solution (T = 200 C; reaction time = 
90 minutes; initial [methyl-malonate] = 0.03 M; [OH

] = 2.38 M; pO2 = 700 kPa) 
 
 
 
Figure 3-7   HPLC chromatogram of ethyl-malonate test solution (T = 200 C; reaction time = 
90 minutes; initial [ethyl-malonate] = 0.03 M; [OH

] = 2.38 M; pO2 = 700 kPa) 
Ethyl-malonate 
Propionate 
Oxalate 
Formate 
 
Methyl-malonate 
Internal standard 
Acetate 
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The HPLC results showed that no decarboxylation or other reaction occurred for any of the 
malonates under N2 at 200 C over the full range of alkalinities studied, consistent with the 
13
C 
NMR results. With the addition of O2, all of the compounds undergo significant oxidation within 
90 minutes to produce carbonate, oxalate and formate as the major products.  
 
The formation of oxalate and formate is consistent with the oxidation occurring through an initial 
reaction of oxygen with a carbanion, as suggested by Eyer and Tardio (Eyer, 2000; Tardio, 2002). 
No decarboxylation products (i.e. acetate from malonate, propionate from methyl-malonate or 
butyrate from ethyl-malonate) were observed which is consistent with the 
13
C NMR observations. 
 
3.3.2.2. Kinetics studies on the WO of the malonates  
The 
13
C NMR results discussed in the previous sections provided strong evidence for the 
formation of carbanion intermediates, which are in equilibrium with the malonates as shown in 
Equation 3.6 (M–H represents a malonate or substituted malonate with an α-hydrogen attached; 
note that Equation 3.6 is equivalent to Equation 3.1).  
M–H   +   OH      M   +   H2O 
The equilibrium constant, K1, for this reaction can be expressed as K1 = [M

] / ([M–H]  [OH]). 
Therefore,         [M

]   =   K1  [M–H]  [OH

] 
In the presence of O2, the carbanion intermediate may react to form carbon- and oxygen-based 
free-radicals as shown in Equation 3.8: 
M

   +   O2      M
•
   +   O2
•
 
Assuming that Equation 3.8 is the only way in which M

 is removed from the system and the 
free-radicals have short lifetimes and rapidly react to form other species, Equation 3.8 can then 
K1 
(3.6) 
(3.7) 
(3.8) 
k1 
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be considered as the rate-limiting step. Hence the rate of disappearance of M–H may be written 
as: 
- d[M–H] / dt   =   k1  [M

]  [O2]   =   k1  K1  [M–H]  [OH

]  [O2] 
If [O2] is in excess and can be considered to be constant, the rate equation can be rewritten by 
incorporating [O2] within a pseudo-first order rate constant k1’ as shown below: 
- d[M–H] / dt   =   k1’  K1  [M–H]  [OH

] 
Provided that [OH

] is constant and >> [M–H], this results in a pseudo first-order rate law in 
respect to [M–H], the integrated form of which is: 
ln[M–H]   =   - k1’’  t   +   ln[M–H]o 
In which k1’’ is a pseudo first-order rate constant containing [OH

] and [O2]. Hence, if the 
carbanion formation is the first step of the reaction mechanism of the malonates in caustic 
solution, the logarithm of [M–H] should be linear with reaction time. In addition, the pseudo-first 
order rate constant should be a linear function of [OH

] at constant [O2], according to Equation 
3.12: 
k1’’  =   K1  [OH

]  [O2] 
This analysis is based on the assumption that Equation 3.8 is the rate-limiting step. It can be 
demonstrated that the same first order behavior and linear dependence of k’’ on [OH] would 
also apply if a subsequent step, which involves the reaction of free-radicals, were rate-limiting as 
shown in Scheme 8-1 (refer to Appendix). 
 
Figure 3-8 shows the linearity of the plots of ln[malonate] vs. time especially at the lower OH

 
concentrations. Similar behaviour (but slower rates) was found for the substituted malonates 
(3.9) 
(3.10) 
(3.11) 
(3.12) 
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shown in Figure 3-9 and 3-10. These linear plots are consistent with Equation 3.11, illustrating 
that the kinetics of the degradation of the malonates is approximately first order for all of the 
conditions studied here. The dependence of rate constants on [OH

] is shown in Figure 3-11. All 
of the malonate compounds exhibits linear dependences which is consistent with Equation 3.12. 
However, increasing the OH

 concentration has not had as much effect on the rate constant for 
the substituted malonates as on malonate. This indicates that oxidation via a carbanion 
intermediate becomes less favourable as electron-donating groups are added to the α-carbon, 
consistent with the conclusions of the 
13
C NMR work.  
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Figure 3-8   Kinetics of WO of malonate for a range of alkalinities (T = 200 C; pO2 = 700 kPa; 
starting [malonate] = 0.03 M; [OH

] = 0.184, 0.428, 2.38 and 4.82 M) 
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Figure 3-9   Kinetics of WO of methyl-malonate for a range of alkalinities (T = 200 C; pO2 = 
700 kPa; starting [methyl-malonate] = 0.03 M; [OH

] = 0.184, 0.428, 2.38 and 4.82 M) 
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Figure 3-10   Kinetics of WO of ethyl-malonate for a range of alkalinities (T = 200 C; pO2 = 
700 kPa; starting [ethyl-malonate] = 0.03 M; [OH

] = 0.184, 0.428, 2.38 and 4.82 M) 
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Figure 3-11   Effect of caustic concentration on WO rate of the malonates (T = 200 C; pO2 = 
700 kPa; starting [organic] = 0.03 M; [OH

] = 0.184, 0.428, 2.38 and 4.82 M.  Mal = malonate, 
MMal = methyl-malonate, EMal = ethyl-malonate) 
 
According to Figure 3-11 the rate constants of all of the malonates are very similar at low 
alkalinity ([OH

] < 0.428 M). The reaction rates at neutral pH, and a degree of non-linearity in 
the k’’ vs. [OH] plots for the substituted malonates are indicative of a second (slower) reaction 
path (i.e. OH

 is not involved) in parallel with the carbanion-based oxidation mechanism. The 
mechanism of the second reaction (at very low alkalinity – neutral pH) was however outside the 
scope of this study and was not investigated further. . 
 
3.3.2.3. Effect of the malonate structure unit on the reactivities of some aliphatic 
dicarboxylates under alkaline conditions  
In order to gain further evidence to support the assumption that the ease of oxidation of malonate 
and the substituted malonates in alkaline solution was in consequence of the presence of the 
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malonate structure unit, the reactivities of a range of aliphatic dicarboxylates that do not contain 
the malonate structure unit (including oxalate, succinate and glutarate) were studied and 
compared with the malonate compounds. The chemical structure and molecular formulas of the 
dicarboxylates investigated are shown in Table 1-3 (Refer to section 1.4). The D-exchange of 
the -hydrogens in succinate and glutarate (note that oxalate does not have -hydrogen) was 
investigated in 0.244 M NaOD at 25 and 200 C using 13C NMR. The 13C NMR spectra obtained 
are shown in Figures 3-12 and 3-13. The main features and interpretation of the NMR spectra of 
succinate and glutarate are compared with the spectra for the malonate compounds, methyl- and 
ethyl-malonate, which are the isomers of the non-malonates, observed under the same conditions 
shown in Table 3-8. 
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1) T = 25 C           2)   T = 200 °C  
Figure 3-12   
13
C NMR spectra of succinate (reaction time = 2 h; [succinate] = 0.36 M; [OD

] = 
0.244 M; nitrogen atmosphere) 
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1) T = 25 C                      2)   T = 200 °C 
Figure 3-13   
13
C NMR spectra of glutarate (reaction time = 2 h; [glutarate] = 0.36 M; [OD

] = 
0.244 M; nitrogen atmosphere) 
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Table 3-8   Summary of the main features and interpretation of the 
13
C NMR spectra of the non-
malonate and malonate dicarboxylates investigated in 0.244 M NaOD solution 
Compound T (°C) 
Chemical Shift of 
-C (ppm) 
Multiplicity 
Degree of 
Exchange 
Succinate

 
25 36.42 S N 
200 
40.52 – 41.57 
40.57 – 41.61 
41.02 – 41.50 
41.08 – 41.56 
 small Q 
small Q 
T   
T 
P 
Glutarate

 
25 44.54 S N 
200 
43.46 – 44.41 
43.98 – 44.45 
43.98 
Q 
T 
S 
P 
Methyl- 
malonate* 
25 54.39 S N 
200  
53.76 – 54.29 
54.39 
T 
small S 
P 
Ethyl- 
malonate* 
25 65.86 S N 
200  
65.35 – 65.74 
65.86 
T 
small S 
P 
Multiplicity: S = singlet; T = triplet; Q = quintet; Degree of exchange: N = no exchange; P = 
partial exchange; F = full exchange; 

Non-malonate compounds; *Malonate compounds 
 
According to Table 3-8, succinate and glutarate show no D-exchange at room temperature and 
only partial exchange at 200
 C. The extent of partial exchange is higher in glutarate than in 
succinate. In contrast to the non-malonate compounds, methyl-malonate shows minor exchange 
at room temperature (As aforementioned in Section 3.3.1. although the coupling pattern of the 
-carbon is a singlet at 25 C, two singlets representing the methyl carbon on methyl-malonate 
were observed, indicating slight D-exchange of the -hydrogen), and both of the malonate 
compounds show almost full exchange (high extent of partial exchange) at 200 C. The 
observation of higher acidity of the -hydrogen(s) in the malonate compounds demonstrated by 
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13
C NMR indicates that it is the malonate structure unit which is mainly responsible for the 
higher reactivity of this class of compounds in alkaline solution. This study has provided further 
evidence for carbanion formation in the WO reaction mechanism of the malonates in alkaline 
solution. 
 
Based on the 
13
C NMR results, the wet oxidation of the non-malonate dicarboxylates was studied 
under N2 and O2 in 2.44 M NaOH at 200
 C. The HPLC results obtained for these tests showed 
that all of the non-malonate compounds were stable under a N2 atmosphere. The results from the 
WO tests on both of the malonate (see Section 3.3.2) and non-malonate dicarboxylates under O2 
are presented in Figure 3-14, in which the logarithm of the starting organic concentration is 
plotted as a function of time for each compound. In the presence of oxygen, all of the compounds 
react except for oxalate. The linearity of the ln[concentration] versus time plots demonstrates 
that the reactions are all first order with respect to the dicarboxylate concentration. To 
demonstrate the importance of the malonate structure unit on the ease of oxidation of this class 
of compounds, the effect of the number of non-carboxylate carbons (n) present in the compounds 
(Table 3-9) on the first order rate constants derived from the linear plots is investigated (Figure 
3-15). As isomers of the malonate compounds, methyl- and ethyl-malonate, the non-malonates, 
succinate and glutarate, have the same number of non-carboxylate carbons, and hence 
comparison of the rate constants of these compounds gives a significant indication of the 
structural effect on the oxidation. According to Figure 3-15, it can be seen that the investigated 
compounds fall into two groups. The non-malonate group shows lower overall reactivity 
however this increases with the number of C-H units in the molecule.  The malonate group 
shows higher overall reactivity, with reactivity decreasing as the number of C-H units increases. 
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The increase in reactivity with n observed for the non-malonate group is broadly consistent with 
observations reported by Loh et al. (2008; 2010). Their results of the WO of a series of 
structurally-related hydroxy-carboxylates in alkaline solution at 165 C showed that oxidation 
increased with increasing carbon chain length. 
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Figure 3-14   WO of the malonate and non-malonate dicarboxylates (T = 200 °C; [OH

] = 2.38 
M; starting [organic] = 0.03 M; pO2 = 700 kPa 
 
Table 3-9   Number of non-carboxylate carbon atoms contained in dicarboxylates studied 
Compound Molecular Formula Number of Non-carboxylate Carbon (n) 
Oxalate

 

OOCCOO 0 
Succinate

 

OOC(CH2)2COO

 2 
Glutarate

 

OOC(CH2)3COO

 3 
Malonate* OOC(CH2)COO

 1 
Methyl-malonate* OOC(CHCH3)COO

 2 
Ethyl-malonate* OOC(CHC2H5)COO

 3 

Non-malonate compounds; *Malonate compounds 
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Figure 3-15   Effect of number of non-carboxylate carbons (n) on the rate constants of the 
dicarboxylates  
 
The decrease in reactivity with increasing n obtained for malonate and its derivatives is 
consistent with the 
13
C NMR results which may be understood in terms of the acidity of the -
hydrogen(s) that plays a key role in the oxidation reaction. The nature of the reactivity of the 
malonates is the ability of the α-hydrogen(s) to be abstracted by an OH ion to form a carbanion, 
which can then react with molecular oxygen to form reactive free-radicals. The electron-donating 
effect of the alkyl groups (an increase in n) results in less acidity of the -hydrogen and hence 
decreases the ability to form the carbanion as indicated by 
13
C NMR (see Section 3.3.1.). The 
unusually high reactivities of the malonate compounds compared with their isomeric non-
malonate compounds are consistent with the 
13
C NMR results, indicating that the malonate 
structure unit is responsible for the ease of oxidation of the malonates under alkaline conditions. 
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3.3.3. Investigation of carbanion formation in substituted malonates containing electron-
withdrawing groups on the -carbon in alkaline solution 
The influence of electron-withdrawing groups on the acidity of the -hydrogen in malonate has 
been investigated. In contrast with the electron-donating alkyl groups, electron-withdrawing 
substituents, such as the halogen atoms, are expected to result in an enhanced reactivity of 
malonate under alkaline condition by increasing the acidity of the -hydrogen. The screening 
tests of a series of malonates containing an -substituent of chlorine, bromine and fluorine atom 
demonstrate that the halide malonates degrade at very low temperatures (55 C for bromo-
malonate; 80 C for chloro-malonate and 125 C for fluoro-malonate) in 2.44M NaOH solution 
in the absence of oxygen. The WO tests of these compounds were, therefore, conducted under N2 
and O2 for 90 minutes at 50, 75 and 120 C for bromo-malonate, chloro-malonate and fluoro-
malonate, respectively, to avoid thermal degradation of these compounds. The results observed 
under N2 and O2 are shown in Figure 3-16 and 3-17, in which the logarithm of the starting 
organic concentration is plotted as a function of time for each compound. Observation of first 
order reaction kinetics and similar degradation rates of the halide malonates in the absence and 
presence of oxygen indicates that the these compounds most likely degrade via a hydrolysis 
reaction with OH

 to form hydroxy-malonate (Smith and March, 2007c), rather than via  
carbanion formation. The mechanism of the hydrolysis reaction was proposed according to 
Smith and March as shown in Equation 3.13 (M–X represents a substituted malonate with a 
halogen atom attached on the -carbon). Unfortunately, the formation of hydroxy-malonate was 
unable to be observed using the analytical methods developed in this study. 
 M–X   +   OH   →   M–OH   +   X 
The polar C–X bonds, which are the consequences of the high electronegativity of the halogen 
atoms, initiate this nucleophilic substitution reaction, resulting in a destabilization of the halide 
(3.13) 
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malonates, i.e. the C–X bonds are easier to break than the C–H bond at the -position in alkaline 
solution. 
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Figure 3-16    Reactivity of the halide malonates in alkaline solution under N2 (T = 50 °C for 
BMal, 75 °C for CMal and 120 °C for FMal; [OH

] = 2.38 M; starting [organic] = 0.030 M; pN2 
= 700 kPa. FMal = fluoro-malonate, CMal = chloro-malonate, BMal = bromo-malonate) 
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Figure 3-17   WO of the halide malonates under O2 (T = 50 °C for BMal, 75 °C for CMal and 
120 °C for FMal; [OH

] = 2.38 M; starting [organic] = 0.030 M; pO2 = 700 kPa. FMal = fluoro-
malonate, CMal = chloro-malonate, BMal = bromo-malonate) 
 
According to Figure 3-16 and 3-17, bromo-malonate has the fastest reaction rate although the 
WO test of this compound was conducted at the lowest temperature, whereas fluoro-malonate 
reacts the most slowly even at the highest temperature. This observation is inconsistent with the 
order of the polarity of the carbon-halogen bonds. Fluorine has the strongest electronegativity 
among the halogen atoms, resulting in the most polar C–F bond (Smith and March, 2007d), 
which allows the carbon atom to attract the nucleophile most readily and gives the fastest 
reaction. In contrast, bromo-malonate should have the slowest reaction rate due to the weakest 
electronegativity of the bromine atom. The observation of the high reactivity of the bromo-
malonate can be explained in terms of the strength of the bond dissociation energy (enthalpy 
H). The C–Br bond has the lowest enthalpy (293 kJ/mol) compared with the C–Cl bond (356 
kJ/mol) and the C–F bond (459 kJ/mol) (Loudon, 2002), and hence it should be broken the most 
easily. Note that although the enthalpy of the C–H bond (439 kJ/mol) is slightly lower than that 
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of the C–F bond (Loudon, 2002), the C–F bond can still dissociate more easily due to the high 
electronegativity of fluorine. The observed reaction rates of the halide malonates in alkaline 
solution therefore can be illustrated by a combination of the polarity and enthalpy of the carbon-
halogen bonds in these compounds.  
 
Besides the halogen atoms phenyl is also an electron-withdrawing substituent compared with the 
alkyl groups (Larsen et al., 1980; Mizuno et al., 2007; Oae and Zalut, 1960). The electron-
withdrawing effect is a consequence of the electronegativity of the sp
2
-hybridization of the 
carbon atoms in the aromatic ring (Shkurko and Mamaev, 1987). A screening test showed that 
phenyl-malonate becomes unstable at 150 C in the absence of oxygen in alkaline solution. The 
possibility of carbanion formation in the reaction mechanism of phenyl-malonate was 
investigated through the D-exchange study on the acidity of the -hydrogen under N2 by 
13
C 
NMR. The 
13
C NMR spectra obtained in D2O and NaOD at 25 and 140 C are shown in Figure 
3-18. The main features and interpretation of the NMR spectra are summarized in Table 3-10. 
Note that the D-exchange experiment was conducted in 2.44 M NaOD due to the difficulty in 
observing the 
13
C spectrum in the highly viscous 4.88 M NaOD solution. 
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Figure 3-18   
13
C NMR spectra of phenyl-malonate (reaction time = 2 h; [phenyl-malonate] = 
0.36 M; nitrogen atmosphere) 
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Table 3-10   Summary of the main features and interpretation of the 
13
C NMR spectra of phenyl-
malonate observed at different alkalinity 
Solution T (°C) 
Chemical Shift of 
-C (ppm) 
Multiplicity 
Degree of 
Exchange 
D2O 
25 
64.53 – 65.05 
65.13 
T 
S 
P 
140  66.72 – 67.25 T F 
0.244 M 
NaOD 
25 
67.31 
66.67 – 67.18 
S 
Small T 
P 
140 
66.67 – 67.18 
67.31 
T 
Small S 
P 
2.44 M 
NaOD 
140 
66.43 – 66.94 
67.08  
T 
Small S 
P 
Multiplicity: S = singlet; T = triplet; Q = quintet; Degree of exchange: N = no exchange; P = 
partial exchange; F = full exchange 
 
According to Figure 3-18 and Table 3-10, phenyl-malonate shows partial exchange in D2O at 25 
C and full exchange at 140 C. In addition to the D-exchange, decarboxylation of phenyl-
malonate to 2-phenyl-acetate was observed at 140 C. The reaction path is the same as for the 
alkyl substituted malonates shown in Equation 3.5. In contrast with the D-exchange in D2O, a 
lower extent of partial exchange occurs in 0.244 M NaOD at 25 C with only partial exchange at 
140 C. D-exchange in phenyl-malonate was less than that of malonate in 0.244 M NaOD at 25 
C (see Figure 3-1 and Table 3-6). The extent of D-exchange on phenyl-malonate observed in 
2.44 M NaOD at 140 C is similar to that in 0.244 M NaOD except for a degree of line 
broadening which may have been caused by viscosity effects. The decrease in the rate of 
exchange with increasing alkalinity obtained for phenyl-malonate is opposite to the observation 
for malonate. These results are inconsistent with the substitution of an electron-withdrawing 
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phenyl group, which was expected to increase the acidity of the -hydrogen, thereby facilitating 
the D-exchange.  
 
The observation of the higher rate of D-exchange in malonate was probably due to the 
experiment for malonate was conducted at 200 C compared to 140 C for the phenyl-malonate 
experiment. Hence there was likely to be a kinetic effect to the D-exchange for malonate at the 
higher temperature and therefore demonstrated a higher extent of exchange relative to that at 140 
C.  Another possible explanation for the low exchange rate of the -hydrogen in phenyl-
malonate is that the activity of the -hydrogen may be overwhelmed by the resonance 
stabilization from the benzene ring (Larsen et al., 1980). A possible intramolecular interaction of 
charge-transfer type between phenyl and the carboxylate groups (Tournon and El-Bayoumi, 
1971) may also result in stabilization of the molecular structure. Furthermore, the electron-
withdrawing effect of phenyl may change depending on the properties of the medium (solvent 
effect) (Shkurko and Mamaev, 1987; Smith and March, 2007e). Overall, the observation of the 
lower reactivity of the -hydrogen in phenyl-malonate is most likely a combination of the 
aforementioned factors.  
 
The effect of substituting a phenyl group at the -position on the reactivity of malonate has also 
been studied by conducting WO tests on phenyl-malonate at 140 C in 2.44M NaOH under N2 
and O2. The results have shown that this compound is stable under N2 atmosphere. The reaction 
kinetics of phenyl-malonate in the presence of oxygen has been studied over the same range of 
OH

 concentrations as for malonate and the alkyl substituted malonates. The main reaction 
product identified was benzoate according to the GC/MS chromatogram shown in Figure 3-19 
(note that only the compounds of interest are labelled in the chromatogram). The proposed 
reaction pathway of phenyl-malonate to form benzoate is described in the following chapter as 
83 
shown in Scheme 4-2 (B) (Section 4.3.4.3.). The absence of 2-phenyl-acetate indicates that no 
decarboxylation occurred in alkaline solution which is consistent with the 
13
C NMR results. The 
linear plots of ln[phenyl-malonate] vs. time shown in Figure 3-20 indicate that the kinetics of 
the oxidation of phenyl-malonate is pseudo first order under the conditions studied. This 
observation is consistent with Equation 3.11, supporting carbanion formation as the first step in 
the reaction mechanism of phenyl-malonate WO in alkaline solution.  
 
 
Figure 3-19   GC/MS spectra of phenyl-malonate (T = 140 C; initial [phenyl-malonate] = 0.03 
M; [OH

] = 2.38 M; oxygen atmosphere): a) reaction time = 0 minutes; b) reaction time = 90 
minutes 
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Figure 3-20   Kinetics of WO of phenyl-malonate for a range of alkalinities (T = 140 C; pO2 = 
700 kPa; starting [phenyl-malonate] = 0.03 M; [OH

] = 0.184, 0.428, 2.38 and 4.82 M) 
 
Figure 3-21 shows a linear dependence of the rate constant on [OH

] which is consistent with 
Equation 3.12, further supporting carbanion formation. However, the effect of the caustic 
concentration on the rate constant of phenyl-malonate is significantly less than that on malonate. 
This is most likely due to a decrease in the electron-withdrawing effect of phenyl resulted by the 
aforementioned multiple factors. The slight increase of the constant with alkalinity is consistent 
with the 
13
C NMR results. The low dependence of k’’ on [OH] suggests a second reaction 
mechanism of phenyl-malonate in parallel to the carbanion formation. The reaction pathway is 
probably similar to the other malonates as indicated in section 3.3.2.2 (i.e. OH

 is not involved). 
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Figure 3-21   Effect of caustic concentration on WO rate of phenyl-malonate (T = 140 C; pO2 = 
700 kPa; starting [phenyl-malonate] = 0.03 M; [OH] = 0.184, 0.428, 2.38 and 4.82 M)   
 
3.4. Conclusions  
In this chapter the first reaction step in the oxidation mechanism of sodium malonate and the 
substituted malonates has been investigated in highly alkaline solution. The research goal was 
achieved by studying the reactivities of the -H(s) on the malonates under alkaline conditions 
through the investigation of D-exchange of these H atom(s) in the absence of O2 in NaOD/D2O 
solution. 
13
C NMR was used to demonstrate the D-exchange. These reactivities were correlated 
with the products of the WO reaction of the malonates and the observed reaction kinetics. The 
following conclusions can be summarized based on the results. 
 
The D-exchange of the -H(s) on the malonates observed in NaOD under N2 atmosphere by 
13
C 
NMR provides a direct evidence in support of the formation of a carbanion (via the abstraction 
of a -H) as the first step in the oxidation mechanism of this type of compounds in highly 
alkaline solution. The carbanion formation has been further supported by observing the first 
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order reaction kinetics of the malonates over a range of NaOH concentration and the linear 
dependence of the rate constants on [OH

]. The reaction products detected are consistent with 
carbanion formation as the first step in the reaction.   
 
The reactivity trend of the malonates is in the same direction as the order of acidity of the α-H 
atoms observed by 
13
C NMR. Substitution of the electron-donating alkyl groups at the α-position 
of malonate significantly reduces the acidity of the -H, resulting in lower reaction rates. The 
decrease in the reaction rate was also observed by substituting an electron-withdrawing phenyl 
group, although the acidity of the -H was expected to increase. This is due to a combination of 
multiple factors relative to the lower reaction temperature, structural effect and solvent effect.  
 
The carbanion formation has been found to be most pronounced in the case of malonate. The 
dependence of the rate constant on [OH

] is the strongest for malonate. The lower dependence of 
the rate constants on [OH

] for the substituted malonates may be explained by a second reaction 
path in parallel to the carbanion formation. Deeper understanding of the mechanism of this 
reaction is needed in the future study. Substitution of the electron-withdrawing halogen atoms 
results in hydrolysis rather than carbanion formation. 
 
In comparison with a range of structurally-related compounds that do not contain the malonate 
structure unit, malonate and the substituted malonates show unusually high reactivities during 
alkaline wet oxidation, suggesting that the acidity of the -hydrogen(s) present in the malonate 
sub-unit is responsible for the ease of oxidation of this class of compounds in alkaline solution. 
This observation is consistent with the 
13
C NMR studies of the reactivity of the -hydrogen(s) 
present in the malonates and non-malonates. This study provides further evidence to support the 
carbanion formation in the reaction mechanism of the malonates under alkaline conditions. 
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CHAPTER 4  
OXIDATION MECHANISM OF THE MALONATES – 
STEP 2: FREE-RADICAL FORMATION 
 
4.1. Introduction  
The second reaction step following carbanion formation in the oxidation mechanism of sodium 
malonate under alkaline conditions has been proposed as the formation of highly reactive free-
radical intermediates as shown in Figure 1-7 (Tardio, 2002; Tardio et al., 2004a; Tardio et al., 
2004b). Two types of malonate free-radical species, alkyl and peroxy radicals, were proposed to 
form via the reaction of the carbanion with oxygen. Both of these free-radical intermediates were 
assumed to be responsible for enhancing the oxidation of other refractory low-molecular-weight 
organic compounds at moderate temperature under Bayer-like conditions, via a mechanism 
referred to as co-oxidation  (Tardio et al., 2004b). Confirmation of the presence (or lack) of these 
free-radical species is important to understand this co-oxidation mechanism, which is in turn 
important due to the potential implications it could have in improving organics removal from 
Bayer liquors using oxidation based processes. 
 
Although the formation of free-radical intermediates in WO of organic compounds under 
alkaline conditions has been proposed in numerous studies as summarized in Section 1.3.2.1., 
there has been a lack of direct data obtained to confirm the presence of free-radicals under 
typical WO conditions reported in the literature. Direct data confirming the presence of free-
radicals in WO has to the author’s best knowledge only been provided in two studies to date 
(Ricq et al., 2001; Robert et al., 2002). The aforementioned studies involved characterization of 
free-radical species in WO using a spin trapping technique coupled to EPR spectroscopy (Ricq et 
al., 2001; Robert et al., 2002). EPR spectroscopy is a highly sensitive technique for detection and 
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identification of free-radical (paramagnetic) species in aqueous systems. Direct detection of free-
radicals via EPR is however generally difficult due to the short half-life of free-radical 
intermediates. This problem can be overcome by trapping free-radicals on diamagnetic 
molecules (spin traps) to transform reactive free-radicals into more persistent paramagnetic 
species (spin adducts), which can be readily observed by EPR spectroscopy. Trapped free-
radicals can be identified according to the hyperfine coupling constants, g factor, which are 
characteristic parameters provided by EPR spectra. The most popular spin traps are nitroso or 
nitrone compounds, which are summarized in Table 4-1 (Buettner, 1987; Janzen and Haire, 
1990; Tordo, 1998). Among these spin traps 5,5-dimethyl-1-pyrroline N-oxide (DMPO) has an 
excellent ability to trap oxygen and carbon centered free-radicals. The general trapping 
mechanism of free-radicals on DMPO is shown in Equation 4.1 (Robert et al., 2002; Tordo, 
1998). Ricq et al. (2001) and Robert et al. (2002) have used DMPO to trap HO
•
, CO2
•
 and 
•
CH(OH)CH3 radicals that were generated during the WO of sewage sludge and cellulose 
respectively.  
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Table 4-1   Summary of generally used spin traps  
Name Chemical Term Molecular Structure 
DMPO 5,5-dimethylpyrroline-N-oxide 
 
PBN -phenyl-N-tert-butyl nitrone 
 
POBN -(4-pyridyl-1-oxide)-N-tert-
butyl nitrone 
 
MNP 2-methyl-2-nitrosopropane 
 
 
 
 
In this chapter two main aspects of the proposed second reaction step in the WO of malonate and 
substituted malonates under alkaline conditions were investigated: 
1) The influence of oxygen partial pressure on the kinetics of WO of the malonates (as the 
proposed second step involves reaction between carbanion intermediates and oxygen (and 
subsequent formation of free-radical intermediates) studies on the influence of oxygen 
partial pressure / concentration are important to understanding the overall WO mechanism 
for the malonates); and    
(4.1) 
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2) The free-radical intermediates proposed to form during the second step (This was done via 
two methods. The first method involved the direct investigation of free-radicals formed by 
EPR spectroscopy using DMPO as the spin trapping agent. The second method involved 
studies on the interaction between formed free-radicals and a known free-radical scavenger, 
sodium benzoate, which is generally present in Bayer liquors (Power and Loh, 2010).).   
Other aspects of the WO of the malonates including the subsequent reaction steps follows the 
formation of the free-radical intermediates identified were also investigated on the basis of the 
reaction products identified.  
 
4.2. Experimental 
Please refer to Chapter 2 for descriptions of all reagents, analytical methods, experimental 
procedures and conditions of the experiments conducted in this chapter.  
 
4.3. Results and Discussion  
4.3.1. Kinetics studies of WO of malonates at varying oxygen partial pressures 
As aforementioned the second step in the malonate WO reaction pathway has been proposed as 
the formation of malonate- and oxygen-based free-radicals (M
•
 and O2
•
) via the reaction 
between carbanion intermediates (M

) and oxygen as shown in Equation 4.2 (Tardio, 2002; 
Tardio et al., 2004a; Tardio et al., 2004b). 
M

   +   O2      M
•
   +   O2
•
 
As previously discussed in Section 3.3.2.2, if the second reaction step is considered as the rate-
limiting step, then the rate of degradation of malonate (M–H) is equal to the rate of the reaction 
described by Equation 4.2. Accordingly, the rate of disappearance of M–H is given by: 
- d[M–H] / dt  =  k1  [M

]  [O2]  =  k1  K1  [M–H]  [OH

]  [O2] 
(4.2) 
(4.3) 
k1 
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where K1 is the equilibrium constant for the carbanion formation reaction, which has been 
confirmed as the first reaction step in the WO of the malonates in Chapter 3: 
M–H   +   OH      M   +   H2O  
If [OH

] is constant and [O2] obeys Henry’s Law, Equation 4.3 can be rewritten as: 
- d[M–H] / dt  =  k1’  K1  [M–H]  pO2 
If oxygen is in excess and is maintained at a constant partial pressure, Equation 4.5 may be 
integrated as follows: 
ln[M–H]  =  - k1’’  t   +   ln[M–H]o 
in which k1’’ is a pseudo-first order rate constant containing [OH

] and pO2. This mechanism 
implies a linear dependence of the pseudo-first order rate constant on pO2 at constant [OH
-
], 
according to Equation 4.7. 
k1’’   =   K1  [OH

]  pO2 
 
According to Equation 4.6 and 4.7 investigation of the dependency of malonate WO on pO2 can 
demonstrate the oxygen contribution to the second reaction step. In order to achieve this goal 
WO tests of malonate, methyl-malonate and ethyl-malonate were conducted in 400 mL of 2.44 
M NaOH solution at 200 C for up to 90 minutes under constant O2 partial pressures (pO2) 
ranging from 0 to 1270 kPa (Note: the initial NaOH concentration was reduced to 2.38 M by the 
addition of 0.03 M of the appropriate malonic acid at the beginning of each experiment). The 
reaction kinetics of the malonates at different oxygen partial pressure, pO2, are illustrated in 
Figure 4-1 to 4-3 in the form of ln(concentration) versus time graphs. Malonate, methyl-
malonate and ethyl-malonate were all found to be stable in 2.38 M NaOH at 200 C under 
(4.5) 
(4.6) 
(4.7) 
(4.4) 
K1 
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nitrogen. In the presence of oxygen, however, all of these compounds react according to a 
pseudo-first order rate law, demonstrated by the linear relationship between ln(concentration) 
and time observed at each pO2. The pseudo-first order rate constant was found to be directly 
proportional to the oxygen partial pressure, pO2, in each case, as shown in Figure 4-4. The 
observed first order kinetics of the WO of the malonates shown in Figure 4-1 to 4-3 and the 
linear dependence of the rate constants on pO2 shown in Figure 4.4 are consistent with Equation 
4.6 and 4.7, which indicates that O2 is indeed involved in the rate-limiting step of the reaction, 
consistent with the proposed mechanism (Equations 4.2 and 4.4). The reactivity sequence 
malonate > methyl-malonate > ethyl-malonate is the same as previously observed in the study of 
hydroxide dependence (refer to Section 3.3.2.2.), and is similarly consistent with the reactivity 
sequence of the α-Hs and the corresponding K1 values for each compound (refer to Section 
3.3.1.).  
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Figure 4-1   Kinetics of WO of malonate for a range of oxygen partial pressures (T = 200 C; 
[OH

] = 2.38 M; starting [malonate] = 0.03 M; pO2 = 0, 150, 350, 520, 690, 965 and 1270 kPa) 
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Figure 4-2   Kinetics of WO of methyl-malonate for a range of oxygen partial pressures (T = 200 
C; [OH] = 2.38 M; starting [malonate] = 0.03 M; pO2 = 0, 150, 350, 520, 690, 965 and 1270 
kPa) 
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Figure 4-3   Kinetics of WO of ethyl-malonate for a range of oxygen partial pressures (T = 200 
C; [OH] = 2.38 M; starting [malonate] = 0.03 M; pO2 = 0, 150, 350, 520, 690, 965 and 1270 
kPa) 
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Figure 4-4   Effect of oxygen partial pressure on WO rate of the malonates (T = 200 C; [OH] = 
2.38 M; starting [organic] = 0.03 M; pO2 = 0, 150, 350, 520, 690, 965 and 1270 kPa.  Mal = 
malonate, MMal = methyl-malonate, EMal = ethyl-malonate) 
 
4.3.2. Investigation of free-radical intermediates in WO of malonate using a spin trapping 
agent and EPR spectroscopy  
To investigate the possible formation of free-radical intermediates in the WO of malonate 
samples from WO tests conducted under O2 were firstly collected into EPR tubes, which 
contained the spin trap agent, DMPO, at reaction times of 0, 5 and 10 minutes. Due to the 
extremely short half-life of free-radical intermediates the samples were frozen immediately in 
liquid nitrogen after collection. Immediately prior to EPR analysis samples were thawed at room 
temperature and transferred respectively into flat cells for analysis. (Ricq et al., 2001; Robert et 
al., 2002).  
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The EPR spectra of the DMPO solution used, which was collected at room temperature, and the 
EPR spectra of samples collected from a malonate WO test at different times are presented in 
Figure 4-5.  
 
 
1) DMPO (background) 
 
 
2) Malonate (Reaction time = 0 min) 
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3) Malonate (Reaction time = 5 min) 
 
 
4) Malonate (Reaction time = 10 min) 
Figure 4-5   EPR spectra of DMPO solution and malonate samples collected under the WO 
conditions (T = 200 C; pO2 = 700 kPa; starting [malonate] = 0.36 M; [OH

] = 2.38 M) 
 
The key features of the data shown in Figure 4-5 include: 
1) There is no interfering signal shown in the spectrum of the DMPO solution which is 
consistent with expectation.  
 
 
 
 
 
 
 
  
 
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 
 
 
 
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2) There are a few signals present within the magnetic field strength of 3430 – 3500 G (which is 
an appropriate range for free-radicals) in the spectra of the malonate WO test sample at 0 min 
(collected prior to the addition of oxygen).  
3) The same signals are observed in the 5 and 10 minute samples compared to the 0 min sample 
(no additional signals shown after the addition of oxygen) 
4) The intensities of the signals do not change obviously after 5 minutes of reaction with 
oxygen but increase significantly after 10 minutes. 
The signals present in all malonate samples may represent oxygen and carbon centred free-
radical intermediates generated in the WO of malonate. The presence of free-radical signals prior 
to the oxygen addition was probably due to minor reaction of malonate with oxygen that 
remained from incompletely vacuumed headspace of the autoclave or added from system leaking 
or generated from the undegased solution. Unfortunately, this assumption could not be 
confirmed by repeating the experiment due to the instrumentation unavailability of the EPR 
spectroscopy at RMIT University.  
 
The EPR spectra obtained for the malonate WO test sample collected at 10 minutes displayed a 
characteristic quartet with the relative intensity ratio of 1:2:2:1 (marked with  in Figure 4-5 (4)). 
This is a typical spectral pattern for the DMPO/HO
•
 spin adduct (Makino et al., 1991; Ricq et al., 
2001; Robert et al., 2002; Rota et al., 1997). According to the comparison of the g factor of this 
signal (aN = 16.2 G, aH = 16.2 G) with those summarized in the literature (Buettner, 1987), this 
quartet, however, most likely corresponds to the DMPO/O
•
 adduct. The inconsistency of the 
results could be clarified by the ionization of HO
•
 to O
•
 in the 2.38 M NaOH solution (pH > 14) 
based on the pKa value of HO
•
 (pKa = 11.9) (Matthews and Sangster, 1965) as shown in 
Equation 4.8. The presence of the DMPO/O
•
 adduct has been further confirmed by Dr Cyril 
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Curtain from The University of Melbourne, who is expert in interpretation of the EPR spectra 
(Curtain, 2010).  
HO
•
   +   OH

      O
•
   +   H2O 
 
The DMPO/O
•
 adduct can be formed either from the trapping of O
•
 radicals on DMPO or from 
artifacts as shown in Equation 4.9 – 4.12. Eberson has proposed the reverse spin trapping 
reaction of DMPO by oxidizing it into DMPO
•+
 via electron abstraction in oxidant medium 
(Eberson, 1994). In this study the DMPO
•+
 radicals could then react with OH

 by nucleophilic 
addition to form DMPO/HO
•
 spin adducts, which were ionized to DMPO/O
•
 under alkaline 
conditions. An alternate reaction could also occur via a nucleophilic attack of OH

 with DMPO 
to form the corresponding -hydroxyhydroxylamine, which can be easily oxidized into DMPO/ 
HO
•
 in oxidant medium and then ionized to DMPO/O
•
 under alkaline conditions.  
DMPO   +   O
•
      DMPO/O
•
 
DMPO      DMPO
•+
   +   e
 
 
DMPO
•+
      DMPO/HO
•
      DMPO/O
•
   +   H2O 
  
 
Besides the quartet that represents the DMPO/O
•
 spin adduct, there were two more signals 
observed in the EPR spectrum obtained for the malonate WO test sample collected at 10 minutes 
which might correspond to two malonate-related spin adducts with different radical centers. The 
OH
 
 DMPO/HO
•  DMPO/O• + H2O 
[O] 
(4.10) 
(4.11) 
(4.12) 
OH

 
[O] 
(4.9) 
(4.8) 
OH
 
DMPO  
OH

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sextet (marked with ) is a well-known splitting pattern of DMPO/•CR spin adducts (Chignell et 
al., 1994; Polovka, 2006; Ricq et al., 2001; Robert et al., 2002; Rota et al., 1997) and therefore it 
could be attributed to the DMPO/
•
CH(COO

)2 adduct. The signal with 12 splitting lines (marked 
with ) is consistent with the spectral pattern of DMPO/•OOR adducts (Rota et al., 1997) and 
hence it could correspond to the DMPO/
•
OOCH(COO

)2 adduct. These potential malonate-
related adducts could be formed by trapping the malonate alkyl (
•
CH(COO

)2) and peroxyl 
(
•
OOCH(COO

)2) radicals directly on DMPO as shown in Equation 4.13 and 4.14.  
DMPO   +   
•
CH(COO

)2      DMPO/
•
CH(COO

)2 
DMPO   +   
•
OOCH(COO

)2      DMPO/
•
OOCH(COO

)2 
 
The hyperfine constants of the potential DMPO/
•
CH(COO

)2 and DMPO/
•
OOCH(COO

)2 
adducts were measured to be aN = 16.4 G, aH = 25.5 G and aN = 15.8 G, aH = 13.1 G. 
Unfortunately, there is no referable hyperfine constants of these adducts available in literature to 
compare with the experimental data due to the lack of data in the literature on the malonate alkyl 
and peroxyl radicals by EPR. However, according to Buettner’s summary of the hyperfine 
constants of the DMPO adducts, a range of DMPO/
•
CHR and DMPO/
•
OOR adducts can have 
very similar g factors at similar neutral pHs (Buettner, 1987). Therefore the observed hyperfine 
constants of DMPO/
•
CH(COO

)2 and DMPO/
•
OOCH(COO

)2 were compared with those of 
DMPO/
•
CHR (aN = 15.7 – 16.1 G, aH = 22.4 – 24.4 G) and DMPO/
•
OOR (aN = 14.5 – 14.8 G, aH 
= 10.5 – 12.6 G). The experimental g factors were found to be slightly higher than the literature 
values which was most likely due to the increase in solvent pH. This is consistent with the 
observation that the g factor of DMPO/O
•
 is slightly higher than that of DMPO/HO
•
 (Buettner, 
1987). In addition, Dr Cyril Curtain has also suggested that these signals could represent 
malonate-related free-radicals (Curtain, 2010).  
(4.13) 
(4.14) 
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In addition to the spectral features discussed so far for the sample collected at 10 minutes it can 
be seen that there is also a relatively smaller signal (marked with ) present in the spectrum 
which partially overlaps the potential DMPO/
•
OOCH(COO

)2 signal. Although the splitting 
pattern of this signal is not completely clear due to the overlap, it has a similar g factor (aN = 
15.6 G, aH = 13.5 G) to the potential DMPO/
•
OOCH(COO

)2 signal. According to the 
observation from Rota et al. that the DMPO/
•
OOR and DMPO/
•
OOH adducts have similar 
magnetic field strengths (G) and hyperfine constants at neutral pH (Rota et al., 1997), this 
smaller signal hence might correspond to the DMPO/
•
OO

 adduct in this study. This adduct can 
be formed by trapping O2
•
 radicals, which are proposed to be produced in the oxidation of 
malonate (refer to Figure 1-7), on DMPO as shown in Equation 4.15.  
DMPO   +   O2
•
      DMPO/
•
OO

   
 
Other considerable signals (marked with  and  in Figure 4-5 (4)) could correspond to product-
related spin adducts, DMPO/CO3
•
 and DMPO/CO2
•
. Carbon dioxide formed in the wet 
oxidation of malonate (Eyer, 2000; Tardio, 2002) can react with OH

 to form HCO3
 (Equation 
4.16), which is known to scavenge HO
•
 (Yapsakli and Can, 2004) and to produce DMPO/CO3
•
 
in the presence of DMPO as shown in Equations 4.17 and 4.18.  
CO2   +   OH

      HCO3

 
HCO3

   +   HO
•
      CO3
•
   +   H2O 
DMPO   +   CO3
•
      DMPO/CO3
• 
Another main product from the oxidation of malonate, formate, (refer to Table 3-7) can also 
scavenge HO
•
 to form CO2
•
 (Sun et al., 1994), which is then trapped on DMPO as shown in 
Equations 4.19 and 4.20. Unfortunately, the splitting patterns and hyperfine constants of these 
(4.15) 
(4.16) 
(4.17) 
(4.18) 
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signals were unable to be determined due to spectral background and peak overlapping. 
Therefore, the assumption of the formation of the DMPO/CO3
•
 and DMPO/CO2
•
 adducts could 
not be confirmed.  
HCOO

   +   HO
•
      CO2
•
   +   H2O 
DMPO   +   CO2
•
      DMPO/CO2
•
 
 
4.3.3. Effect of addition of benzoate on oxidation rates of malonates 
The existence of free-radical species in the WO of the malonates was further investigated by 
observing the effect of adding sodium benzoate, a known radical scavenger, to the reaction 
mixture. Sodium benzoate by itself was found to be stable in 2.38 M NaOH at 200 C in the 
presence of oxygen, up to the highest partial pressure investigated (1270 kPa). However, in the 
presence of malonate, benzoate reacts and the rate of consumption of malonate is decreased. 
Both of these effects are shown in Figure 4-6. This is as an example of co-oxidation, in which 
the oxidation of a particular organic compound (in this case malonate) causes an otherwise stable 
compound (benzoate) to become reactive. Similar behaviour of benzoate is observed with 
methyl- and ethyl-malonate, but to a lesser degree as shown in Figure 4-7 and 4-8. The 
magnitude of this “co-oxidation” effect is in the same order as the reactivity of the individual 
compounds with oxygen alone, i.e. malonate > methyl-malonate > ethyl-malonate. These 
observations support the hypothesis that free-radicals are the means of propagating the 
degradation reactions of both malonates and benzoate, but there is no direct proof of which 
radicals are involved.  
 
(4.19) 
(4.20) 
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Figure 4-6   Kinetics of WO of benzoate and malonate, individually and together (T = 200 C; 
[OH

] = 2.38 M; starting concentrations = 0.03 M; pO2 = 700 kPa)  
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Figure 4-7   Kinetics of WO of benzoate and methyl-malonate, individually and together (T = 
200 C; [OH] = 2.38 M; starting concentrations = 0.03 M; pO2 = 700 kPa) 
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Figure 4-8   Kinetics of WO of benzoate and ethyl-malonate, individually and together (T = 200 
C; [OH] = 2.38 M; starting concentrations = 0.03 M; pO2 = 700 kPa)   
 
4.3.4. Reaction mechanisms  
4.3.4.1. Co-oxidation mechanism between malonates and benzoate in alkaline solution 
In order to investigate the overall reaction mechanism between benzoate and malonate in caustic 
solution, the kinetics of degradation of malonate and benzoate were modeled together with great 
assistance of Dr. Greg Power, who is expert in physical chemistry, at CSIRO (Power, 2012). The 
reactions shown in Equation 4.21 – 4.26 (Scheme 4-1) were considered for the kinetic modeling. 
These reactions were proposed on the basis of the known parent species (benzoate and malonate 
radical, which was produced in the WO of malonate as shown in Equation 4.2) and information 
from the literature (Mantzavinos et al., 1996b; Robert et al., 2002). In these equations, B–H 
represents benzoate, B
•
 represents a mono-dehydrogenated benzoate radical, and X, Y and Z are 
other unspecified reactants which may include water, but which do not include benzoate, 
malonate or oxygen species. This reaction system appears to provide a reasonable explanation 
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for the observation of the co-oxidation effect of malonate on the degradation of benzoate. 
However, it is not claimed to be exclusive of other possible reactions.  
 
B–H   +   M•      B•   +   M–H 
B–H   +   O2
•
      B
• 
  +   HO2

 
B
•
   +   H2O      B–H   +   HO
•
 
M
• 
  +   X      products (not MH) 
O2
•
   +   Y      products 
B
•
   +   Z      products (not BH) 
Scheme 4-1   Proposed reactions in WO of benzoate in the presence of malonate at alkaline 
conditions 
 
The rate equations for the reaction system shown in Scheme 4-1 may now be written as follows: 
d[M–H] / dt  =  – k1 [M–H] pO2  +  k2 [B–H] [M
•
] 
d[B–H] / dt  =  – k2 [B–H] [M
•
]  –  k3 [B–H] [O2
•
]   +  k4 [B
•
] 
d[M
•
] / dt  =  k1 [M–H] pO2  –  k2 [B–H] [M
•
]  –  k5 [M
•
] 
d[O2
•
] / dt  =  k1 [M–H] pO2  –  k3 [B–H] [O2
•
]  –  k6 [O2
•
] 
d[B
•
] / dt  =  k2 [B–H] [M
•
]  +  k3 [B–H] [O2
•
]  –  k4 [B
•
]  –  k7 [B
•
] 
 
The experimental data obtained from the WO of malonate in the absence and presence of 
benzoate in 2.38 M NaOH at 200 C under pO2 of 700 kPa was fitted using this model produced 
by Power. The above set of equations was solved by providing “best fit” curves to simulate the 
experimental data. This was achieved using the PolyMath Professional Version 6.1 numerical 
analysis package, which enables concentration-time curves to be produced from a given set of 
k2 
k3 
k4 
k5 
k6 
k7 
(4.21) 
(4.22) 
(4.23) 
(4.24) 
(4.25) 
(4.26) 
(4.27) 
(4.28) 
(4.29) 
(4.30) 
(4.31) 
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differential equations and boundary conditions for any combination of rate constants. By 
systematically varying the rate constants, it was possible to obtain a set of rate constants that 
delivered a close fit to the experimental data on the basis of the mechanism proposed.  Such a 
procedure generally does not provide a unique set of rate constants, but the ability to fit the data 
with at least one set does provide support to the plausibility of the mechanism proposed, and also 
provides insight into the relative importance of the species involved.   
 
According to the kinetic model, benzoate reacts rapidly with the malonate radical to form 
benzoate radicals and re-form malonate according to Equation 4.21. This equation represents 
one aspect of the co-oxidation effect, which proposes that malonate acts as a catalyst in the 
degradation of benzoate. Co-oxidation may also occur as a result of the presence of peroxyl 
radicals, assuming that they attack benzoate according to Equation 4.22 (Mantzavinos et al., 
1996b). It was not possible to fit the observed reaction curves with Equations 4.21 and 4.22 
alone however; in particular, it was necessary to include the reformation of benzoate, for 
example by the reaction of the benzoate radical with water as shown in Equation 4.23 (Robert et 
al., 2002). The 
•
OH radicals formed in Equation 4.23 are consistent with the EPR observation of 
the DMPO/
•
OH adduct. On the other hand, the observed kinetics were found to be insensitive to 
the rates of reactions shown in Equation 4.24 – 4.26.   
 
Figure 4-9 shows a decent fit of this model to the experimental data for malonate degradation 
with and without benzoate. Similar fits to the results have been achieved at different oxygen 
pressures (refer to Figure 8-3 in Appendix). Based on this, Figure 4-10 provides an indication of 
the evolution of the relative concentrations of the main assumed radical species as a function of 
time. As expected, the concentrations of M
•
 and O2
•
 initially rise rapidly followed by the 
appearance and subsequent removal of B
•
. The concentrations of all three radicals then decline 
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monotonically as the reactions proceed. The most prevalent radical appears to be the peroxyl 
radical, followed by the malonate radical and then the benzoate radical. 
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Figure 4-9   Fitting of experimental data from oxidation of malonate with or without benzoate 
present using curves generated by the simulation model proposed (T = 200 C; [OH] = 2.38 M; 
starting concentrations = 0.03 M; pO2 = 700 kPa)  
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Figure 4-10   Simulated evolution of radicals in oxidation of malonate with benzoate present 
according to the model (T = 200 C; [OH] = 2.38 M; starting concentrations = 0.03 M; pO2 = 
700 kPa) 
 
The co-oxidation effect of the malonates on the degradation of benzoate is in the order of 
malonate > methyl-malonate > ethyl-malonate, which is the same as the reactivity of the 
individual compounds with oxygen alone (shown in Figure 4-4) and is also consistent with the 
reactivity sequence previously observed in the study of hydroxide dependence (refer to Section 
3.3.2.2.). These observations are consistent with the order of acidity of the α-H in the malonates 
in combination with the mechanism described in Scheme 4-1. The reactions assigned to 
benzoate are consistent with previous observations of its behavior as a free-radical scavenger 
(Deng et al., 2003; Harvath, 1979; Klein et al., 1975).  
 
The rate of decrease in the concentrations of the malonates was reduced in the presence of 
benzoate. This is most likely a direct consequence of the re-formation of the parent malonates by 
the reaction of the corresponding malonate radical with benzoate (Equation 4.21), while the 
2
• 
• 
• 
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primary degradation of the malonate according to Equations 4.2 and 4.4 is unaffected. The 
dependence of the reaction rate on [OH

] has been shown to be linear for the degradation of the 
malonates alone (refer to Section 3.3.2.2.), and according to the mechanism proposed here this 
would be the same in the presence of benzoate. However, this hypothesis has not been separately 
confirmed in this study. 
 
The overall co-oxidation reaction between the malonates and benzoate was proposed on the basis 
of the above observations as shown schematically in Figure 4-11. This overall reaction consists 
of a catalytic cycle in which the alkyl radical attacks the benzoate while the corresponding 
malonate is regenerated. An additional reaction in which the benzoate is attacked by the peroxyl 
radicals that were formed in the reaction of oxygen with the carbanion intermediate is also 
proposed. 
 
M–H                   M M• +    O2
•
OH O2
O2H
B–H
B•
Malonate Regeneration
 
Figure 4-11   Schematic representation of the mechanism proposed for the co-oxidation of 
benzoate (B–H) by the malonates (M–H) 
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4.3.4.2. Reaction mechanism of benzoate radical formed in co-oxidation  
The reaction products of the WO of the malonates in the presence of benzoate were identified by 
HPLC. These products are compared with those of the degradation of the malonates alone under 
the same WO conditions as shown in Table 4-2. In the presence of benzoate, extra oxalate is 
produced in the reaction with all of the malonates according to the comparison of the measured 
concentration. Maleate appears as an additional reaction product formed with all malonates, 
whereas acetate is a new product generated in the reaction of malonate and ethyl-malonate. 
Additional acetate is also produced in the reaction of methyl-malonate on the basis of the 
increase in the product concentration. 
 
Table 4-2   Products of WO of the malonates in the absence and presence of benzoate 
 Products of WO 
Compound Without Benzoate With Benzoate 
Malonate oxalate, formate, carbonate 
oxalate, formate, acetate, maleate, 
carbonate  
Methyl-malonate 
oxalate, formate, acetate, 
carbonate 
oxalate, formate, acetate, maleate, 
carbonate 
Ethyl-malonate 
oxalate, formate, propionate, 
carbonate 
oxalate, formate, acetate, propionate, 
maleate, carbonate 
Conditions: T = 200 C; pO2 = 700 kPa; [OH

] = 2.38 M 
 
The observation of the additional products in the WO of the malonates after the addition of 
benzoate is consistent with the well-known hydroxylation of benzoate radical with OH

 to form 
hydroxycyclohexadienyl radical as an intermediate (Equation 4.32) (Cunningham et al., 1988; 
Deng et al., 2003) and subsequently produce salicylate with O2 (Equation 4.33) (Cunningham et 
al., 1988), followed by further hydroxylation and eventual ring cleavage (Equation 4.34), as 
described by Singla et al (Singla et al., 2004). The formation of unsaturated compounds such as 
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maleate has the potential to lead to hydrogen evolution through subsequent degradation reactions 
(Costine et al., 2011). Another possible reaction of benzoate radical has been previuosly 
proposed in Equation 4.23 as the reaction with water to reform benzoate and generate 
•
OH 
radicals. 
PhCOO
•
   +   OH

      HOPhCOO
• 
HOPhCOO
•
   +   O2      HOPhCOO

   +   O2

 
HOPhCOO

    

OOCCOO

 + 

OOCH=CHOO

 + 

OOCCH3 
 
4.3.4.3. Oxidation mechanism of malonates follows carbanion formation in caustic solution 
The subsequent reaction steps in the oxidation mechanism of the malonates follows the 
formation of the carbanions in caustic solution were proposed to proceed via the formation of the 
malonate alkyl and peroxyl radicals, which have been confirmed by the EPR observation, 
kinetics results and co-oxidation mechanism between the malonates and benzoate. The proposed 
oxidation mechanism shown in Scheme 4-2 is consistent with the products observed (refer to 
Table 4-2) and the mechanisms proposed previously (Loh et al., 2010). In the presence of 
oxygen, all of the compounds produce oxalate and formate as the major products. The formation 
of oxalate and formate is consistent with the oxidation products of malonate obtained through an 
initial reaction of oxygen with a carbanion (formation of the alkyl free-radical), as suggested by 
Eyer and Tardio (Eyer, 2000; Tardio, 2002). In addition to oxalate and formate, the oxidation of 
methyl- and ethyl-malonate also forms small proportion of acetate and propionate, respectively, 
as the final products. The proposed oxidation mechanism consists of two reaction pathways, in 
which the pathway (A) appears to be dominant on the basis of the concentrations of oxalate and 
formate observed in relation to acetate and propionate (pathway B) in the oxidation of methyl- 
and ethyl-malonates, respectively. 
 Multiple steps 
(4.32) 
(4.33) 
(4.34) 
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+ +
+
+ +
+ + +
CO2
(10)
(1) R = H
(2) R = CH3
(3) R = CH2CH3
(4)
CO2
(8)
(9)
(5) R = H
(6) R = CH3
(7) R = CH2CH3
(8)
(8)(4)
(11)
2
 
(A) Proposed oxidation pathway to form oxalate (9) and formate (11) 
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+ + +
+
+
CO2
(11) R = H
(12) R = CH3
(13) R = CH2CH3
(1) R = H
(2) R = CH3
(3) R = CH2CH3
CO2
2
 
(B) Proposed oxidation pathway to form of formate (11), acetate (12) or propionate (13) 
Scheme 4-2   Proposed oxidation mechanisms of carbanions from malonate (1), methyl-
malonate (2) and ethyl-malonate (3) in alkaline solution involving free-radical formation (Tardio, 
2002; Tardio et al., 2004a; Tardio et al., 2004b) and base-catalyzed oxidation by water (Loh et 
al., 2010) via two pathways (A) and (B) 
 
Methanol (6) and ethanol (7), which are formed in the proposed reaction pathway (A), have been 
identified in the VOC emissions from an alumina refinery (Galbally et al., 2008). Glyoxylate (8) 
is formed in pathway (A) and can react via two different reactions – either through the addition 
of a hydroxyl group to the carbonyl carbon to form oxalate (9) and hydrogen, or a 
decarboxylation reaction to produce formaldehyde (10) as an intermediate species resulting in 
formate (11) and hydrogen. Hydrogen has been previously observed from the alkaline 
degradation of formaldehyde (Ashby et al., 1993; Bi et al., 2010; Kapoor et al., 1995; Kapoor 
and Naumov, 2004). The production of hydrogen gas, which is an product of base-catalyzed 
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oxidation by water (Loh et al., 2010), has also been previously observed under wet oxidation 
conditions (Brown, 1989; Thé et al., 1985). The formation of 
•
OH radicals is consistent with the 
EPR observation of the DMPO/
•
OH adduct. 
 
The proposed reaction mechanisms for the formation of formate (11), acetate (12) and 
propionate (13) from malonate (1), methyl-malonate (2) and ethyl-malonate (3), respectively, are 
shown in pathway (B) (Scheme 4-2). These mechanisms indicate that the formation of these 
three products occurs through a common pathway for malonate and malonate derivatives. This 
reaction pathway can also demonstrate the formation of benzoate from the WO of phenyl-
malonate investigated in Section 3.3.3. by substituting a benzene ring as the R group.  
 
As aforementioned in Section 3.3.2, the WO experiments in this study have been carried out in 
pure NaOH solutions, not Bayer process liquors which contain high concentrations of aluminate 
ions as well as a range of organic and inorganic contaminants.  The complex mixture of organic 
compounds present in Bayer process liquors can be expected to provide the opportunity for a 
range of additional reactions, especially involving the free-radicals, in addition to those 
described here. The presence of aluminate is not likely to have any significant influence because 
it is unlikely to affect the radicals, and the conditions of these experiments have been chosen to 
match the free hydroxide concentrations typically found in Bayer process liquors. Consistent 
with this, tests in this laboratory have demonstrated that the oxidation rates of malonate under 
pO2 of 700 kPa in two synthetic Bayer liquors containing 4.4 M NaOH and different 
compositions of chemicals are similar to the rate measured in a pure NaOH solution of the same 
free hydroxide concentration (2.44 M). 
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4.4. Conclusions 
In this chapter the second reaction step in the oxidation mechanism of sodium malonate and the 
substituted malonates in highly alkaline solution has been investigated. Oxygen has been 
confirmed to lead the oxidation of the malonates via study of the reaction kinetics observed in 
caustic solution under a range of oxygen partial pressures. The reaction kinetics of the malonates 
are consistent with the carbanion formation, which has been previously confirmed as the first 
step in the WO of the malonates under alkaline conditions, and the proposed subsequent step, 
which involves the formation of free-radical intermediates. The linear dependence of the reaction 
rate on the partial pressure of O2 observed suggests that the reaction of oxygen with malonate 
carbanions to form alkyl and peroxyl free-radicals is the rate-limiting step. Consistent with this 
hypothesis, the reaction follows pseudo first order kinetics in which the oxygen partial pressure 
is a factor in the pseudo first order rate constant. 
 
The free-radical intermediates formed in the WO of malonate under alkaline conditions have 
been, to the author’s best knowledge, directly identified by EPR for the first time. Three radical 
species, 
•
OH, 
•
CH(COO

)2 and 
•
OOCH(COO

)2 have been identified according to the 
comparison of the spectral patterns and hyperfine coupling constants of the corresponding spin 
adduct signals with those available in literature. The presence of 
•
CH(COO

)2 and 
•
OOCH(COO

)2 is consistent with the proposed second step in the oxidation of the malonates 
which involves the reaction of the carbanion with oxygen to form alkyl and peroxyl radicals. 
Other potential radicals formed in the reaction of malonate includes O2
•
, CO3
•
 and CO2
•
, 
which could not be identified completely however. 
 
Addition of sodium benzoate, which is a well-known free-radical scavenger, to the reaction 
mixture demonstrates an increase in the reaction rate of benzoate and however, a decrease in the 
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rate of degradation of malonate. The observations suggest that the “co-oxidation” effect in which 
malonate stimulates the oxidation of benzoate may be explained by a mechanism in which 
benzoate reacts with both the alkyl and peroxyl free-radicals that are formed in the reaction of 
the carbanion with oxygen. According to this mechanism, the reaction of benzoate with the alkyl 
radicals reforms the parent malonate, which leads to a nett decrease in the rate of malonate 
consumption. Assuming that the underlying degradation rate of the malonate remains unchanged, 
malonate can be considered as a catalyst in the oxidation of benzoate. Methyl- and ethyl-
malonate also stimulate to the degradation of benzoate, but to a lesser extent than malonate. The 
order of reactivity reflects the lower acidities of the -Hs on the substituted malonates due to the 
electron-donating effects of the substituent groups.  
 
On the basis of the EPR observation of the alkyl and peroxyl radicals and the reaction kinetics of 
the malonates at varying O2 partial pressures, and the proposed reaction mechanism between the 
alkyl and peroxyl radicals with benzoate, the subsequent reaction steps follows the carbanion 
formation in the oxidation mechanism of the malonates have been proposed via the formation of 
the free-radicals. The proposed oxidation mechanism is consistent with the reaction products 
observed and with the previously proposed mechanisms in literature. Many intermediate 
compounds formed in this mechanism have been identified in Bayer process. 
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CHAPTER 5  
CO-OXIDATION OF LOW-MOLECULAR-WEIGHT BAYER 
MONOCARBOXYLATES BY THE MALONATES 
 
5.1. Introduction 
As mentioned in Section 1.2 a number of low-molecular-weight monocarboxylates, (which are 
degradation products of humic matter extracted from bauxite), contribute to a significant 
proportion of the TOC in worldwide Bayer liquors. Adverse effects of such organic compounds 
on the Bayer process have been discussed in Section 1.2.1. This class of compounds are 
generally difficult to oxidize, leading to a gradual increase in their concentration during WO as 
they are normally formed from the partial oxidation of high-molecular-weight compounds. 
Development of a process that is capable of oxidizing (removing) these compounds is therefore 
of significant interest to the alumina refining industry. In this chapter co-oxidation of three 
aliphatic monocarboxylates, sodium acetate, propionate and butyrate, all of which have been 
identified in various Bayer liquors (Table 5-1), has been investigated.   
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Table 5-1   Summary of aliphatic monocarboxylates studied in this chapter that have been 
identified in worldwide Bayer liquors 
Country  Identified Monocarboxylates    Reference  
Australia  acetate, propionate and butyrate (Niemela, 1993) 
Jamaica acetate, propionate and butyrate (Baker et al., 1995) 
Japan acetate (Yamada et al., 1981) 
Germany acetate and propionate (Brown, 1989) 
Hungary acetate, propionate and butyrate (Matyasi et al., 1986) 
Laos acetate (Xiao and Ren, 2006) 
India acetate, propionate and butyrate (Rao and Goyal, 2006) 
Unknown acetate (Picard et al., 2002) 
Unknown acetate, propionate and butyrate (Solymár et al., 1996) 
Unknown acetate, propionate and butyrate (Guthrie et al., 1984) 
Unknown acetate, propionate and butyrate (Xiao et al., 2007b) 
 
Acetic acid (which is converted to sodium acetate in alkaline solution) has been identified as a 
product from the WO of organic compounds present in various industrial wastewaters 
(Debellefontaine et al., 1996; Imamura et al., 1988) (Figure 1-2). Iwai et al. (1974) and Devlin et 
al. (1984) found acetic acid as one of the degradation products from the WO of phenol (Devlin 
and Harris, 1984; Iwai et al., 1974). Robert et al. (2002) discovered acetic acid as a major by-
product in the WO of cellulose in water. Acetic acid was also found to be a major intermediate in 
the WO of propionic and butyric acids at subcritical WO conditions (Day et al., 1973; Williams 
et al., 1973). Furuya et al. (1985) identified acetate as a major product in the WO of several 
phenols and aliphatic and aromatic carboxylates in highly alkaline solution. Propionate and 
butyrate have also been identified as intermediates in the WO of high-molecular-weight 
compounds (Day et al., 1973; Williams et al., 1973).  
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A number of studies have been undertaken on the WO of acetic acid/acetate, propionic acid/ 
propionate and butyric acid/butyrate over the last four decades. Among these studies only a few 
however were conducted under Bayer-like conditions. Yamada et al. (1981) and Matyasi et al. 
(1986) investigated the WO of acetate, propionate and butyrate in industrial Bayer liquor and 
Tardio et al. (2002) examined the WO of these compounds in synthetic Bayer liquor. The results 
of these studies are summarized in Table 5-2. All of the monocarboxylates, especially acetate, 
were reported to undergo only very low extents of WO even at temperatures above 200 C under 
alkaline conditions. 
 
Table 5-2   WO of monocarboxylates investigated in this chapter in industrial and synthetic 
Bayer liquors 
Monocarboxylate  Bayer Liquor T (C) Total pO2 
(kPa) 
% 
Removal 
Reference  
Acetate  Industrial  260 NA 7.9 (Yamada et al., 1981) 
Propionate  Industrial  200 4000  2.5 – 3.2 (Matyasi et al., 1986) 
Propionate  Industrial  242 5000 1.5 – 1.9 (Matyasi et al., 1986) 
Butyrate  Industrial  200 4000 0.4 – 0.6 (Matyasi et al., 1986) 
Butyrate  Industrial  242 5000  0.4 – 0.5 (Matyasi et al., 1986) 
Acetate Synthetic  165 980 < 2.0 (Tardio, 2002) 
Propionate Synthetic  165 980 < 2.0 (Tardio, 2002) 
Butyrate Synthetic  165 980 < 2.0 (Tardio, 2002) 
 
Complete wet oxidation of these monocarboxylates in Bayer liquor generally needs extremely 
high temperatures and pressures (Foussard et al., 1989). High reaction temperatures however 
require more robust (expensive) materials to construct the reactor leading to high capital costs. 
To reduce the reaction temperature required in WO of organics in Bayer liquor two methods 
have been previously investigated: 1) addition of catalysts, which has been described in detail in 
Section 1.2.2; and 2) co-oxidation by organic compounds present in Bayer liquor (refer to 
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Section 1.3.2.2). The use of catalysts has shown significant improvement in compound removal, 
especially for acetate removal, in numerous studies (refer to Section 1.2.2). However, the major 
drawback of this method is that the catalyst (or by-products of the catalyst) may have adverse 
effects on the Bayer process which is a substantial concern to alumina refineries. In contrast, 
acceleration of the oxidation of the monocarboxylates by organic compounds that are present in 
Bayer liquor can eliminate such disadvantages and provides a clean process.  
  
Very little research has been done on the co-oxidation of acetate, propionate and butyrate by 
other Bayer organics in alkaline solution. The only study reported in the literature by Tardio 
(2002) showed that significantly improved removal of the monocarboxylates of interest via 
reaction with malonate at moderate temperature (165 C) in synthetic Bayer liquor. Table 5-3 
shows the extent of removal of the monocarboxylates in the absence and presence of malonate. 
All of the compounds underwent significant oxidation with the addition of malonate. The 
reaction mechanisms between the monocarboxylates and malonate were also proposed. These 
proposed reaction mechanisms, however, were not strongly supported due to the miss of 
identification of the key species formed in the main reaction steps. Moreover, the concentration 
ratio of the monocarboxylates to malonate used in Tardio’s study was 1 to 10 which might not be 
ideal considering the high cost of malonate. In addition, the aforementioned study was not 
involved in investigations on the co-oxidation of the monocarboxylates by the substituted 
malonates, methyl-malonate and ethyl-malonate.  
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Table 5-3   Comparison of the WO of monocarboxylates in the absence and presence of 
malonate (Tardio, 2002; Tardio et al., 2004b) 
Monocarboxylate  % Removal (no malonate) % Removal (with malonate) 
Acetate < 2.0 9.1 
Propionate < 2.0 24.6 
Butyrate < 2.0 18.0 
Conditions: reaction time = 2 h; T = 165 °C; pO2 = 500 kPa; [OH
–
] = 4.4M; 
[monocarboxylate]:[malonate] = 1:10  
 
In this chapter the effect of the addition of malonate and the substituted malonates on the WO 
kinetics of acetate, propionate and butyrate in caustic solution has been studied in detail. The 
reaction mechanisms between the monocarboxylates and the malonates were investigated 
extensively based on the identified reaction products and intermediates, and also on the reaction 
kinetics. Comparison of the co-oxidation effects of various organic compounds on the oxidation 
of the refractory low-molecular-weight compounds and gaining a better understanding of the 
underlying reaction mechanisms can be a key aspect for the development of the current WO 
technology. 
 
5.2. Experimental 
Please refer to Chapter 2 for descriptions of all reagents, analytical methods, experimental 
procedures and conditions of the experiments conducted in this chapter. 
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5.3. Results and Discussion  
5.3.1. Effect of presence of malonates on WO kinetics of monocarboxylates  
In contrast to the concentration ratio of the monocarboxylates to malonate used in Tardio’s study 
(1 to 10) the concentration ratio used in the study was 1 to 1 which is more economically 
practical. All of the WO tests were conducted in 2.44 M NaOH solution at 200 C under O2 for 
90 minutes. The caustic concentration was reduced to 2.35 M due to the reaction with the 
appropriate malonic acid and monocarboxylic acid for each test. The reaction kinetics of the 
monocarboxylates in the presence of the applicable malonate are illustrated in Figure 5-1 to 5-3 
in the form of ln(concentration) versus time graphs. The corresponding graphs, which 
demonstrate the changes in the reaction kinetics of the malonates, are shown in Figure 5-4 to 5-6. 
The monocarboxylates and malonates investigated in this study were all found to be stable in 
2.35 M NaOH at 200 C under nitrogen. 
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Figure 5-1   Kinetics of WO of acetate, alone and in the presence of malonate, methyl-malonate 
and ethyl-malonate (T = 200 C; [OH] = 2.35 M; starting concentrations = 0.03 M; pO2 = 700 
kPa) 
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Figure 5-2   Kinetics of WO of propionate, alone and in the presence of malonate, methyl-
malonate and ethyl-malonate (T = 200 C; [OH] = 2.35 M; starting concentrations = 0.03 M; 
pO2 = 700 kPa) 
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Figure 5-3   Kinetics of WO of butyrate, alone and in the presence of malonate, methyl-
malonate and ethyl-malonate (T = 200 C; [OH] = 2.35 M; starting concentrations = 0.03 M; 
pO2 = 700 kPa) 
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Figure 5-4   Kinetics of WO of malonate, alone and in the presence of acetate, propionate and 
butyrate (T = 200 C; [OH] = 2.35 M; starting concentrations = 0.03 M; pO2 = 700 kPa) 
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Figure 5-5   Kinetics of WO of methyl-malonate, alone and in the presence of acetate, 
propionate and butyrate (T = 200 C; [OH] = 2.35 M; starting concentrations = 0.03 M; pO2 = 
700 kPa) 
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Figure 5-6   Kinetics of WO of ethyl-malonate, alone and in the presence of acetate, propionate 
and butyrate (T = 200 C; [OH] = 2.35 M; starting concentrations = 0.03 M; pO2 = 700 kPa) 
 
It can be seen in Figure 5-1 that there was an actual net increase in acetate concentration in the 
co-oxidation tests conducted using methyl-malonate and ethyl-malonate. This was mainly due to 
acetate being a product of the WO of these malonates. The proposed mechanisms for the 
formation of acetate in the WO of malonate are shown in Scheme 4-2. Additional acetate formed 
in the presence of ethyl-malonate was most likely due to the subsequential reaction of propionate 
that is formed in the WO of ethyl-malonate (Scheme 4-2). The oxidation mechanisms of 
propionate in caustic solution are proposed in Scheme 5-2. The results obtained clearly show 
that these two malonates are inappropriate to use for co-oxidizing acetate in alkaline solution, 
although the co-oxidation of acetate by these malonates might occur (refer to Section 5.3.2). 
Based on the results presented in Figure 5-1 malonate demonstrated an undoubted capability of 
initiating the oxidation of acetate under the WO conditions used.  
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The degradation rate of propionate was enhanced to the highest degree by methyl-malonate 
according to the results presented in Figure 5-2, although this rate was only slightly higher than 
that with the presence of malonate. This result was inconsistent with that observed in the co-
oxidation of benzoate by the malonates (refer to Section 4.3.3.) which showed that malonate co-
oxidized benzoate to the greatest level. The higher degradation rate of propionate in the presence 
of methyl-malonate was most likely due to the complex reactions occurring between the 
intermediates formed in the oxidation of these two compounds. The proposed reactions are 
investigated in Scheme 5-4. Note that the slowest degradation rate of propionate with the 
presence of ethyl-malonate shown in this graph was the overall rate after the deduction of the 
formation rate of additional propionate in the oxidation of ethyl-malonate.  
 
Figure 5-3 shows that the co-oxidation effect of the malonates on the degradation of butyrate is 
in the order of methyl-malonate > malonate > ethyl-malonate which is consistent with the order 
observed in the co-oxidation of propionate. This order is inconsistent with the order of the 
reactivities of the malonates under oxygen alone and the order of acidity of the α-H in the 
malonates (refer to Section 3.3.2.). The first reaction step of the monocarboxylates initiated by 
the malonates can be proposed to occur via the reaction with the malonate alkyl radicals (which 
has been previously proposed for the co-oxidation of benzoate shown in Figure 4-11 (refer to 
Section 4.3.4.1.)). The co-oxidation results of propionate and butyrate indicated that the overall 
degradation rates of these compounds were independent of the rate of the first reaction step (i.e. 
the reactivities of the malonates) but were greatly affected by subsequent reactions between 
intermediates  (whereas the co-oxidation of benzoate was highly dependent on the rate of the 
first reaction step). The overall observation of the kinetic graphs shown in Figure 5-2 and 5-3 
illustrated that methyl-malonate is the most appropriate co-oxidant to facilitate the oxidation of 
propionate and butyrate in alkaline solution. 
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Figure 5-4 demonstrates that the degradation of malonate was inhibited by the presence of all 
monocarboxylates. This observation was consistent with the results obtained in the co-oxidation 
tests conducted using benzoate where it was proposed that this reaction involved the re-
formation of malonate as shown in Figure 4-11 (refer to Section 4.3.4.1). The effect of 
propionate on the malonate consumption was slightly higher than the others (i.e. the degradation 
rate of malonate was reduced more significantly in the presence of propionate). This result was 
believed to be caused by the formation of additional malonate via the reaction of intermediates 
produced in the oxidation of malonate and propionate, respectively. The proposed reaction 
mechanisms between intermediates are described in Scheme 5-5. The formation of additional 
malonate probably also occurred in the co-oxidation of butyrate by malonate via the same 
intermediate reaction mechanism, but to a lesser degree. 
 
In contrast to the decrease in the reaction rate of malonate caused by the presence of the 
monocarboxylates the degradation rate of methyl-malonate was not significantly affected by 
these compounds according to the kinetic graphs shown in Figure 5-5. These results indicate that 
the re-formation of methyl-malonate does not occur in these systems and / or if it is reformed it 
is readily consumed by species present in these systems. The possible reaction mechanisms that 
cause the additional degradation of methyl-malonate are discussed in Scheme 5-4. These results 
direct that methyl-malonate undergoes more reactions with the monocarboxylates than malonate 
does in caustic solution. This is consistent with the results observed from Figure 5-2 and 5-3. 
This higher reactivity of methyl-malonate in the systems containing monocarboxylates, however, 
was not observed in the co-oxidation of benzoate by methyl-malonate (refer to Figure 4-7) 
which was most likely due to the resonance stabilization of the benzene ring. The benzene ring 
does not break easily due to its resonance structure to form the same alkyl intermediates (which 
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cause the additional oxidation of methyl-malonate) as the monocarboxylates do under the WO 
conditions.  
 
As shown in Figure 5-6 the degradation rate of ethyl-malonate was hindered to varying degrees 
by the presence of the monocarboxylates investigated. The effect of the monocarboxylates on the 
removal of ethyl-malonate is in the order of butyrate > acetate > propionate. Propionate had the 
lowest effect on the degradation of ethyl-malonate which was most likely due to alternative 
reactions of ethyl-malonate initiated by intermediates formed in the oxidation mechanism of 
propionate as shown in Scheme 5-5. According to the observation of the kinetic graphs shown in 
Figure 5-3 and 5-6, ethyl-malonate demonstrated the least effect on the co-oxidation of butyrate 
while the consumption of ethyl-malonate itself was prevented to the greatest degree by butyrate. 
This result illustrates that ethyl-malonate is the least favourable compound to use for co-
oxidizing butyrate in caustic solution. In order to have a better comparison of the effect of the 
malonates on the co-oxidation of the monocarboxylates, the concentration ratio of the 
monocarboxylates removed to the malonates consumed by the monocarboxylates is calculated 
and shown in Table 5-4. 
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Table 5-4   Mole ratio of monocarboxylates removed by malonates consumed  
Solution  MAL 
Removal 
(alone) 
(M) 
MAL 
Removal 
(with 
CAR) (M) 
MAL 
Consumed 
by CAR  
(M) 
CAR 
Removal 
(alone) 
(M) 
CAR 
Removal 
(with 
MAL) (M) 
CAR 
Removal 
Increased 
(M) 
Ratio of 
CAR 
Removal 
by MAL 
Mal-ACE 0.0202 0.0173 0.0029 0 0.0030 0.0030 1.03 
MMal-ACE 0.0130 0.0127 0.0003 0 (0.0040) (0.0040) (13.33) 
EMal-ACE 0.0073 0.0043 0.0030 0 (0.0065) (0.0065) (2.16) 
        
Mal-Prop 0.0202 0.0169 0.0033 0 0.0037 0.0037 1.12 
MMal-Prop 0.0130 0.0127 0.0003 0 0.0042 0.0042 14.00 
EMal-Prop 0.0073 0.0067 0.0006 0 0.0022 0.0022 3.67 
        
Mal-But 0.0202 0.0165 0.0037 0 0.0055 0.0055 1.49 
MMal-But 0.0130 0.0127 0.0003 0 0.0088 0.0088 29.33 
EMal-But 0.0073 0.0012 0.0061 0 0.0032 0.0032 0.53 
Conditions: T = 200 C; pO2 = 700 kPa; [OH

] = 2.35 M; reaction time = 90 minutes; initial 
[organic] = 0.03 M; MAL = malonates; CAR = monocarboxylates; Mal = malonate; MMal = 
methyl-malonate; EMal = ethyl-malonate; ACE = acetate; Prop = propionate; But = butyrate 
 
According to Table 5-4, malonate is the only appropriate co-oxidant for promoting the removal 
of acetate from the caustic solution (because the formation of acetate is observed in the oxidation 
of methyl-malonate and ethyl-malonate). Methyl-malonate shows a significantly greater co-
oxidation effect on the removal of propionate and butyrate than malonate and ethyl-malonate. 
Ethyl-malonate demonstrates the lowest effect on the co-oxidation of butyrate than the others. 
These results are all consistent with the observation from the kinetic graphs.  
 
The additional information obtained from Table 5-4 is that malonate has the least co-oxidation 
effect on the degradation of propionate among the malonates which is probably due to the lack of 
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intermediate formation in the oxidation of malonate (refer to Section 5.3.2.). Furthermore, as the 
only compound demonstrated the co-oxidation effect on the degradation of all monocarboxylates 
malonate induced the most oxidation for butyrate than for the other monocarboxylates. This was 
probably due to an additional reaction pathway occurred in the co-oxidation of butyrate which is 
described in Equation 5.2. The same result was also observed for methyl-malonate induced co-
oxidation of butyrate in comparison with the co-oxidation of propionate.  
 
5.3.2. Investigation of reaction mechanisms in co-oxidation of monocarboxylates by 
malonates  
The reaction intermediates and products, which were formed from malonate / methyl-malonate / 
ethyl-malonate initiated degradation of the monocarboxylates, were analyzed by HPLC. The 
HPLC chromatograms of the caustic solutions (2.35 M NaOH, exposed to oxygen for 90 minutes) 
of the monocarboxylates in the presence of methyl-malonate (which appears to have a stronger 
co-oxidation effect under alkaline conditions on the basis of the kinetic results obtained) are 
shown in Figure 5-7 – 5-9 (note that carbonate cannot be analyzed by HPLC but it can be 
observed using 
13
C NMR). An internal standard containing sodium oxalate, formate, acetate, 
succinate, glyoxylate, propionate, butyrate, pyruvate and oxaloacetate was used for compound 
identification. The HPLC chromatograms of the monocarboxylates that were subjected to WO in 
the presence of malonate and ethyl-malonate are shown in the Appendix (refer to Figure 8-5 – 8-
10). The identified reaction intermediates and products are summarized in Table 5-5. 
 
130 
 
Figure 5-7   HPLC chromatogram of acetate test solution in the presence of methyl-malonate (T 
= 200 C; reaction time = 90 minutes; initial [organic] = 0.03 M; [OH] = 2.35 M; pO2 = 700 kPa) 
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Figure 5-8   HPLC chromatogram of propionate test solution in the presence of methyl-malonate 
(T = 200 C; reaction time = 90 minutes; initial [organic] = 0.03 M; [OH] = 2.35 M; pO2 = 700 
kPa) 
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Figure 5-9   HPLC chromatogram of butyrate test solution in the presence of methyl-malonate 
(T = 200 C; reaction time = 90 minutes; initial [organic] = 0.03 M; [OH] = 2.35 M; pO2 = 700 
kPa) 
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Table 5-5   Summary of identified intermediates and final products formed in co-oxidation 
reactions between monocarboxylates and malonates 
Compounds Intermediates Final Products 
Malonate  
+  
Acetate 
NA formate, oxalate, 
carbonate 
Methyl-malonate  
+  
Acetate 
oxaloacetate, acetate, pyruvate, 
malonate 
formate, oxalate, 
carbonate 
Ethyl-malonate  
+  
Acetate 
oxaloacetate, acetate, pyruvate, 
malonate, propionate 
formate, oxalate, 
carbonate 
Malonate  
+  
Propionate 
acetate, pyruvate, malonate formate, oxalate, 
carbonate 
Methyl-malonate  
+  
Propionate 
oxaloacetate, acetate, pyruvate, 
malonate 
formate, oxalate, 
carbonate 
Ethyl-malonate 
+  
Propionate 
oxaloacetate, acetate, pyruvate, 
malonate, propionate 
formate, oxalate, 
carbonate 
Malonate 
+  
Butyrate 
acetate, pyruvate, malonate, 
succinate 
formate, oxalate, 
carbonate 
Methyl-malonate 
+  
Butyrate 
oxaloacetate, acetate, pyruvate, 
malonate, succinate 
formate, oxalate, 
carbonate 
Ethyl-malonate 
+  
Butyrate 
oxaloacetate, acetate, pyruvate, 
malonate, succinate, propionate 
formate, oxalate, 
carbonate 
Conditions: T = 200 C; pO2 = 700 kPa; [OH

] = 2.35 M; reaction time = 90 minutes; initial 
[organic] = 0.03 M 
 
According to Table 5-5, three same reaction products were observed in all co-oxidation 
reactions between the monocarboxylates and the malonates in caustic solution. Similar 
intermediates of varying concentrations were obtained in the degradation of each 
monocarboxylate in the presence of methyl-malonate and ethyl-malonate (except for propionate, 
which was formed as an intermediate in significant concentration only in the presence of ethyl-
malonate). This result indicated that similar reaction intermediates were most likely produced in 
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the oxidation of the substituted malonates which interacted with each monocarboxylate in the 
same reaction pathways. In contrast the same reaction intermediates were most likely not 
generated in the WO of malonate, according to the lack of intermediates that were identified in 
the co-oxidation of acetate induced by malonate. Besides the intermediates formed in the 
oxidation of the substituted malonates some intermediates were also most likely produced during 
the oxidation of propionate and butyrate. These intermediates could initiate additional reactions 
with the malonates. This hypothesis is supported by the observation of reaction intermediates in 
the co-oxidation of propionate and butyrate by malonate (assuming that no additional 
intermediates were produced by malonate).  
 
According to the previously proposed co-oxidation mechanisms between benzoate and the 
malonates (refer to Figure 4-11), the first reaction step in the co-oxidation of acetate (1), 
propionate (2) and butyrate (3), induced by the malonates in alkaline solution, is proposed in 
Equation 5.1. The assumption is that this reaction is initiated by malonate alkyl radicals via the 
radical exchange at the -carbons of the monocarboxylates, leading to the formation of the 
monocarboxylate alkyl radicals and the re-generation of the malonates. An alternative reaction 
pathway might occur in the co-oxidation of butyrate by radical attack at the -carbon (Equation 
5.2), which could have very slight acidity induced by the carbonyl group. This reaction pathway, 
however, is most likely minor on the basis of the observed concentration of succinate (formed 
only via this reaction pathway) in relation to pyruvate (formed in the dominant pathway) in the 
oxidation of butyrate. 
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(4) R = H
(5) R = CH3
(6) R = CH2CH3
(1) R = H
(2) R = CH3
(3) R = CH2CH3
 
(3) (7)  
 
The subsequent reaction steps in the oxidation mechanisms of the monocarboxylates following 
the formation of the alkyl radicals in caustic solution are proposed to occur via free-radical 
formation and base-catalyzed oxidation by water as shown in Scheme 5-1 – 5-3. The proposed 
mechanisms are consistent with the products identified (refer to Table 5-5) and mechanisms 
proposed previously for similar reactions (Loh et al., 2010). The formation of oxalate (9) and 
formate (11) as the major products in all co-oxidation reactions is consistent with the products 
observed in the malonate-induced co-oxidation of the monocarboxylates studied by Tardio 
(2002). The free-radical reactions in the WO of the monocarboxylates (Equation 5.3, 5.6, 5.7, 
5.9, 5.10 and 5.12) are consistent with the assumption made by Tardio (2002), Day et al. (1973) 
and Williams et al. (1973), who concluded that the free-radical mechanism involved in 
subcritical WO of propionate and butyrate was proceeded via the reaction with oxygen at the -
carbon. Acetate and acetaldehyde (13) were formed as the intermediates during the WO of 
propionate and butyrate according to the proposed mechanisms. This is consistent with the 
discovery of Tardio (2002) and Williams et al. (1973). In addition, pyruvate (12) was also 
observed as one of the main intermediates formed in the oxidation of propionate and butyrate. 
(5.1) 
(5.2) 
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Scheme 5-1   Proposed oxidation mechanism of acetate following the formation of alkyl radical 
in alkaline solution, involving free-radical formation (Tardio, 2002; Tardio et al., 2004a; Tardio 
et al., 2004b) and base-catalyzed oxidation by water (Loh et al., 2010)  
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(5.5) 
(5.6) 
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Scheme 5-2   Proposed oxidation mechanism of propionate following the formation of the alkyl 
radical in alkaline solution, involving free-radical formation (Tardio, 2002; Tardio et al., 2004a; 
Tardio et al., 2004b) and base-catalyzed oxidation by water (Loh et al., 2010) 
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(A) Proposed dominant reaction pathway 
(5.10) 
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(B) Proposed minor reaction pathway 
Scheme 5-3   Proposed oxidation mechanism of butyrate following the formation of the alkyl 
radical in alkaline solution, involving free-radical formation (Tardio, 2002; Tardio et al., 2004a; 
Tardio et al., 2004b) and base-catalyzed oxidation by water (Loh et al., 2010) 
 
Glyoxylate (8) was formed as an intermediate in the oxidation of acetate on the basis of the 
proposed reaction mechanisms shown in Scheme 5-1. The reaction pathway of glyoxylate 
through the addition of a hydroxyl group to the carbonyl carbon as shown in Equation 5.4 was 
not applied to pyruvate (12) and 2-ketobutyrate (14), which were formed in the oxidation of 
propionate and butyrate, respectively (Scheme 5-2 and 5-3). This was most likely due to the 
electron-donating methyl and ethyl groups attached on the carbonyl carbon of pyruvate and 2-
ketobutyrate which reduce the electrophilicity of the carbonyl carbon, preventing the addition of 
the nucleophilic hydroxyl group. 
(5.14) 
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According to the proposed oxidation mechanisms of butyrate demonstrated in Scheme 5-3, 
propionate was formed as an intermediate through the reaction shown in Equation 5.11 
(pathway (A)). This proposed reaction step is however not in agreement with the intermediate 
data obtained by HPLC, which showed insignificant formation of propionate during the WO of 
butyrate in the presence of malonate and methyl-malonate (additional propionate observed with 
the presence of ethyl-malonate was most likely formed in the WO of ethyl-malonate). The lack 
of production of significant amounts of propionate in the former tests was most likely due to: 
1) The consumption of propionaldehyde (15), which is the main intermediate leading to the 
formation of propionate, through reaction with the carbanions of pyruvate and acetaldehyde 
formed in the oxidation of methyl-malonate, ethyl-malonate and butyrate. The proposed 
reaction mechanisms for this assumption are discussed in detail later (refer to Scheme 5-5) 
and; 
2) The degradation of propionate to form acetate following the proposed reaction mechanisms 
shown in Scheme 5-2. 
 
The proposed free-radical reaction involving oxygen attack at the -carbon of the alkyl radcial in 
the oxidation mechanisms of butyrate shown in Scheme 5-3 (pathway (B)) is consistent with the 
products identified (refer to Table 5-5) and the reaction mechanism proposed previously by 
Tardio (2002). The formation of succinate (17) and formate (11) as the major products through 
this reaction pathway is also consistent with the reaction products observed in Tardio’s study. 
Succinate is a refractory Bayer organic compound, which is hard to be oxidized under typical 
Bayer conditions (refer to Section 3.3.2.3.). The degradation of succinate was most likely 
induced also by the malonates through similar reaction mechanisms (free-radical reactions and 
base-catalyzed oxidation by water). The proposed co-oxidation mechanisms of succinate 
initiated by the malonates are shown in Scheme 8-2 (refer to Appendix). 
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In addition to the intermediates formed in the proposed mechanisms shown in Scheme 5-1 – 5-3 
a few more compounds such as oxaloacetate and additional malonate were also observed in the 
co-oxidation of the monocarboxylates by the malonates in alkaline solution (refer to Table 5-5). 
The formation of these compounds was most likely a consequence of the additional reactions 
that occurred between the intermediates formed in the co-oxidation reactions. Two intermediates, 
pyruvate (12) and acetaldehyde (13), which were produced during the oxidation of propionate, 
butyrate, methyl-malonate and ethyl-malonate (Refer to Scheme 4-2, 5-2 and 5-3), are most 
likely the key compounds that contributed to the additional reactions.  
 
Pyruvate and acetaldehyde both have an electron-withdrawing carbonyl group, which contributes 
a slight acidity to the neighbouring hydrogens, one of which can be abstracted under alkaline 
condition to form a reactive carbanion. The proposed reaction of the carbanion formation for 
pyruvate and acetaldehyde in alkaline solution is demonstrated in Equation 5.15. The 
nucleophilic carbanions can then be added to the electrophilic carbonyl carbon of any aldehyde 
(such as glyoxylate, formate, acetaldehyde and propionaldehyde) formed in the co-oxidation 
reactions between the monocarboxylates and the malonates. The proposed reaction mechanisms 
for the nucleophilic addition that most likely occurred in the co-oxidation of the 
monocarboxylates in the presence of the malonates (except for the co-oxidation of acetate by 
malonate) are illustrated in Scheme 5-4. A few more reactions involving the nucleophilic 
addition of the pyruvate and acetaldehyde carbanions to propionaldehyde, which was only 
formed in the oxidation of ethyl-malonate and/or butyrate, are proposed in Scheme 5-5.  
(12)
(13)
(18)
(19)  
(5.15) 
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(18)
(19)
(8)
(20)
(21)
(10)
keto-enol 
tautomerism
 
(A) Proposed reaction mechanism to form oxaloacetate (21) 
keto-enol 
tautomerism
(23)
(18)
(22)
(8)
 
(B) Proposed reaction mechanism to form 2,4-dioxo-pentanedioate (22) 
(5.16) 
(5.17) 
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(24)
(19)
(10)
 
(C) Proposed reaction mechanism to form malonate (24) 
(26)
keto-enol 
tautomerism
(18)
(25)
(13)
 
(D) Proposed reaction mechanism to form acetopyruvate (25) 
(5.18) 
(5.19) 
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keto-enol 
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(28)
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(27)
(19)
 
(E) Proposed reaction mechanism to form acetoacetate (27) 
Scheme 5-4   Proposed reaction mechanisms of nucleophilic addition induced by pyruvate and 
acetaldehyde carbanions during the co-oxidation of the monocarboxylates in the presence of the 
malonates (except for the co-oxidation of acetate by malonate)  
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(A) Proposed reaction mechanism to form 2,4-dioxo-hexanoate  
(5.20) 
(5.21) 
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(32)
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(B) Proposed reaction mechanism to form 3-oxovalerate 
Scheme 5-5   Proposed additional reaction mechanisms of nucleophilic addition induced by 
pyruvate and acetaldehyde carbanions during the co-oxidation of the monocarboxylates in the 
presence of ethyl-malonate or during the co-oxidation of butyrate in the presence of the 
malonates 
 
The proposed mechanisms of the nucleophilic addition induced by pyruvate and acetaldehyde as 
shown in Equation 5.16 and 5.18 are consistent with the formation of the intermediate-products, 
oxaloacetate (20) and malonate (24), which were identified by HPLC analysis (Table 5-5). The 
other proposed intermediate-products, 2,4-dioxo-pentanedioate (22), acetopyruvate (25), 
acetoacetate (27), 2,4-dioxo-hexanoate (30) and 3-oxovalerate (31), as shown in Equations 5.17, 
5.19, 5.20, 5.21 and 5.22 were unable to be identified directly by HPLC as the standards of the 
(5.22) 
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aforementioned compounds were not commercially available. The HPLC chromatograms 
obtained for the co-oxidation tests (especially for the tests of butyrate) where the aforementioned 
compounds are proposed to have been formed, however, contained a number of peaks that were 
unable to be identified. Although these peaks could not be assigned directly to the unidentified 
compounds, comparison of the elution times of these peaks with those of similar compounds that 
had been identified previously indicated that these peaks might represent some of the compounds 
proposed to have formed in Equations 5.17, 5.19, 5.20, 5.21 and 5.22.   
 
According to the proposed reaction mechanisms of the WO of the malonates in caustic solution 
as shown in Scheme 4-2, pyruvate and acetaldehyde are the two main intermediates formed in 
the oxidation of methyl-malonate. Hence a larger amount of pyruvate and acetaldehyde 
carbanions were most likely formed in the co-oxidation systems that contained methyl-malonate. 
These carbanions could react with glyoxylate and formaldehyde (Equation 5.16, 5.17 and 5.18), 
which are the two main intermediates formed in the oxidation of the monocarboxylates, leading 
to potential increases in the degradation rates of these compounds. This is consistent with the 
results of the kinetic studies that showed methyl-malonate induces the highest extent of co-
oxidation of propionate and butyrate (Figure 5-2 and 5-3) in caustic solution. Observation of 
higher concentrations of the intermediate-product, oxaloacetate and malonate (Equation 5.16 
and 5.18), in the co-oxidation systems that contained methyl-malonate could also indicate the 
formation of larger amount of pyruvate and acetaldehyde in the degradation of methyl-malonate. 
Note that the co-oxidation of acetate by methyl-malonate might occur on the basis of the 
observation of oxaloacetate and malonate in the methyl-malonate-acetate co-oxidation system, 
although this could not be observed in the kinetic studies due to the acetate formation occurring 
from the oxidation of methyl-malonate. The aforementioned reaction mechanisms could also 
remove pyruvate and acetaldehyde from the system which improve the degradation methyl-
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malonate. This could explain the almost unchanged degradation rate of methyl-malonate with the 
addition of monocarboxylates into the system (Figure 5-5).  
 
In contrast to methyl-malonate, malonate does not generate pyruvate and acetaldehyde during its 
oxidation according to the proposed reaction mechanisms shown in Scheme 4-2. Hence the 
formation of oxaloacetate was hardly observed in the test solution of the monocarboxylates with 
the presence of malonate. The lack of intermediate reactions might be responsible for the lower 
co-oxidation effect of malonate (compared to methyl-malonate) on the degradation of propionate 
and butyrate (Table 5-4). Pyruvate and acetaldehyde could be formed in the oxidation of ethyl-
malonate but to a lesser degree than from methyl-malonate (ethyl-malonate degrades at a 
significantly slower rate than methyl-malonate under the conditions studied). Therefore, the 
formation of oxaloacetate and malonate in the co-oxidation of the monocarboxylates induced by 
ethyl-malonate was not as significant as that observed using methyl-malonate.  
 
Note that pyruvate and acetaldehyde could also be produced during the degradation of 
propionate and butyrate in caustic solution (Scheme 5-2 and 5-3). The yield of these 
intermediates is most likely higher in the oxidation of propionate as these compounds are the 
main intermediates formed in its oxidation (Scheme 5-2). Hence more intermediate reactions 
could take place during the co-oxidation of propionate, leading to formation of more 
intermediate-products such as malonate. This is consistent with the kinetic results that showed 
propionate inhibits the degradation of malonate to the greatest level (Figure 5-4). The larger 
amount of pyruvate and acetaldehyde formed in the degradation of methyl-malonate could also 
enhance the oxidation of the malonates to a greater degree via the proposed intermediate 
reactions. This is also consistent with the results of the kinetic studies that showed propionate 
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has the least (negative) impact on the degradation of ethyl-malonate among the 
monocarboxylates (Figure 5-6). 
 
According to the proposed reaction mechanisms shown in Scheme 4-2 and 5-3, the same two 
main intermediates, 2-ketobutyrate and propionaldehyde, were produced in the oxidation of 
ethyl-malonate and butyrate. Accumulation of these compounds in the caustic solution to a 
saturated concentration could have restricted the oxidation of butyrate and ethyl-malonate. This 
assumption is supported by the lower concentrations of the reaction products, oxalate and 
formate, observed in the HPLC chromatogram for the ethyl-malonate-butyrate co-oxidation 
system. The hypothesis of the WO restriction for butyrate and ethyl-malonate is consistent with 
the results of the kinetic studies which showed that ethyl-malonate induces the least oxidation of 
butyrate with the most inhibition of self-oxidation in caustic solution (Figure 5-3 and 5-6).  
 
The same WO restriction as discussed in the previous paragraph also probably occurred between 
propionate and methyl-malonate, where oxidation of both of these compounds leads to formation 
of pyruvate and acetaldehyde as major products. However, the effect of this restriction on the 
oxidation of propionate and methyl-malonate was insignificant according to the comparison of 
the peaks intensities of the reaction products observed in the HPLC chromatograms of 
propionate with different malonates. This was most likely due to the presence of the highly 
reactive pyruvate and acetaldehyde, which induced several alternative reactions (Scheme 5-5) 
that balanced the effect of the possible WO restriction.   
 
Furthermore it should be noted that the keto forms of the proposed reaction products, 
oxaloacetate, 2,4-dioxo-pentanedioate, acetopyruvate, acetoacetate, 2,4-dioxo-hexanoate and 3-
oxovalerate, shown in Scheme 5-4 and 5-5, are in an equilibrium with their enol forms (through 
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keto-enol tautomerism) in the caustic solution used in this study. Since the keto-enol 
tautomerism of carbonyl compounds is catalyzed by bases, these products most likely existed 
mostly in their enol forms in the highly alkaline solution through an initial deprotonation of the 
-carbon of the keto tautomers followed by reprotonation on oxygen (McMurry, 2012).   
 
5.4. Conclusions 
The co-oxidation effects of malonate and the substituted malonates on the degradation of a series 
of low-molecular-weight aliphatic monocarboxylates under WO conditions in alkaline solution 
have been investigated in this chapter. This involved the comparison of the reaction kinetics of 
each individual malonate and monocarboxylate in isolation and in mixtures, respectively. The 
results of the kinetic studies were used in conjunction with the reaction intermediates and 
products identified by HPLC and theory to propose mechanisms for the co-oxidation reactions 
investigated. The following specific conclusions can be made based on the results obtained in 
this chapter.  
 
Malonate is the only compound (of the three compounds studied) that had the ability to 
accelerate the degradation of all monocarboxylates studied in caustic solution under the WO 
conditions studied. The extent of co-oxidation of propionate induced by malonate, however, is 
lower than the co-oxidation caused by the substituted malonates. This is most likely due to the 
lack of formation of the reactive intermediates, pyruvate and acetaldehyde, in the oxidation of 
malonate, according to the proposed reaction mechanisms and the intermediates identified.  
 
Pyruvate and acetaldehyde, which are proposed to form in the degradation of the substituted 
malonates (formation of pyruvate in the oxidation of the substituted malonates is observed by 
HPLC), can produce nucleophilic carbanions in alkaline solution. These carbanions can react 
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with any aldehyde intermediates formed in the oxidation of the monocarboxylates and hence lead 
to higher extents of oxidation / degradation of these compounds.  
 
Methyl-malonate most likely produces the largest amount of pyruvate and acetaldehyde during 
its oxidation according to the proposed reaction mechanisms and the concentration of the 
intermediate-products measured in tests conducted with methyl-malonate. Hence it shows the 
strongest co-oxidation effect on the degradation of propionate and butyrate in caustic solution. 
Unfortunately, this compound is inappropriate for co-oxidizing acetate as acetate is a product of 
the degradation of methyl-malonate.  
 
In comparison with malonate and methyl-malonate ethyl-malonate is the weakest co-oxidant to 
use for removal of the monocarboxylates studied in caustic solution. It not only forms acetate 
during its oxidation but also has the lowest co-oxidation effect on the degradation of butyrate. 
The formation of the same major intermediates in the oxidation of ethyl-malonate and butyrate 
most likely causes the inhibition of the degradation of both compounds.  
 
Pyruvate and acetaldehyde can also be formed in the degradation of propionate and butyrate on 
the basis of the proposed reaction mechanisms and the intermediates identified by HPLC. 
Propionate most likely forms a larger amount of these two reactive intermediates than butyrate 
and hence it causes the most reduction in the degradation of malonate by forming additional 
malonate via the proposed intermediate reaction. Propionate also causes the least inhibition of 
the degradation of ethyl-malonate among the monocarboxylates which is most likely due to the 
formation of more pyruvate and acetaldehyde in its oxidation. 
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CHAPTER 6  
CONCLUSIONS 
 
In this study the chemistry that occurs in the wet oxidation of sodium malonate, methyl-malonate 
and ethyl-malonate at moderate temperature (200 C) in highly alkaline solution has been 
investigated comprehensively.  
 
The formation of carbanion intermediates as the first reaction step in the WO of malonates in 
highly alkaline solution was investigated in detail. Direct evidence of carbanion formation was 
obtained by observing D-exchange of the -H(s) on the malonates in NaOD solution under N2 
atmosphere using 
13
C NMR. The carbanion formation was further supported by observing first 
order reaction kinetics of the malonates over a range of NaOH concentrations and the linear 
dependence of the rate constants on [OH

]. Observation of higher reactivities of the malonates 
under WO conditions in relation to the reactivities of their isomers that do not contain the 
malonate structure unit provided further evidence to support the correlation between the 
reactivities of the malonates and the acidity of the -H(s) present in the malonate structure unit 
which in turn supports the carbanion formation. The reaction products identified from the WO of 
the malonates were also consistent with carbanion formation as the first step in the reaction.   
 
The reactivity trend of the malonates obtained in the kinetics studies was in agreement with the 
order of acidities of the α-H(s) observed by 13C NMR. Substitution of the electron-donating alkyl 
groups at the α-position of malonate significantly reduces the acidity of the -H, resulting in 
lower reaction rates. Substitution of other functional groups including the halogen atoms and 
phenyl group on the -C of malonate reduces the stability of malonate, leading to thermal 
degradation of this compound at lower temperatures. 
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The carbanion intermediates produced in the first step of the WO of the malonates can be 
oxidized to form highly reactive alkyl and peroxyl free-radcial intermediates in the presence of 
oxygen. This is the second step in the WO of the malonates in caustic solution. Oxygen was 
confirmed to initiate the oxidation of the carbanions by observing the first order reaction kinetics 
of the malonates over a range of oxygen partial pressures and the linear dependence of the rate 
constants on pO2. The reaction kinetics obtained for the malonates were consistent with the first 
two reaction steps proposed in the WO of the malonates, which involves: (1) formation of the 
carbanion and (2) formation of the free-radical intermediates, with the second step being 
identified as the rate-limiting step.  
 
The free-radical intermediates formed in the WO of malonate under alkaline conditions were 
directly identified, for the first time, using EPR. Observation of the radical species, 
•
CH(COO

)2 
and 
•
OOCH(COO

)2, is consistent with the formation of the alkyl and peroxyl radicals in the 
second reaction step of the WO of the malonates in caustic solution. Other potential radicals 
formed in the oxidation of malonate includes 
•
OH, O2
•
, CO3
•
 and CO2
•
. 
 
Formation of free-radical intermediates was further supported by observing a decrease in the 
oxidation rate of malonate with the addition of a free-radical scavenger, sodium benzoate. In 
contrast the degradation rate of benzoate is increased. These observations suggest that benzoate 
reacts with the malonate alkyl radicals to form benzoate radicals and reform the parent malonate. 
This reaction is supported by the kinetic model of the reaction of malonate and benzoate. Hence 
malonate can be considered as a catalyst in the oxidation of benzoate if the underlying 
degradation rate of the malonate remains unchanged. The substituted malonates investigated also 
caused the degradation of benzoate, but to a lesser extent than malonate. The order of reactivity 
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reflects the lower acidities of the -Hs on the substituted malonates due to the electron-donating 
effects of the substituent groups.  
 
The overall reaction mechanisms of the malonates under WO conditions in caustic solution are 
proposed via the formation of the carbanion and the alkyl and peroxyl free-radical intermediates, 
which have been confirmed by the aforementioned studies. The proposed oxidation mechanism 
is consistent with the reaction products observed and with the previously proposed mechanisms 
in literature. Many intermediate compounds formed in this mechanism have been identified in 
Bayer process liquors. 
 
The effects of the malonates on the co-oxidation of sodium acetate, propionate and butyrate were 
investigated under moderate WO conditions in alkaline solution. The reaction kinetics obtained 
showed that malonate is the only compound that enhances the degradation of all 
monocarboxylates significantly. Methyl-malonate, however, has the strongest co-oxidation effect 
on the degradation of propionate and butyrate among the malonates, although it is inappropriate 
to be used for co-oxidizing acetate as acetate is a product of methyl-malonate degradation. Ethyl-
malonate is the most inappropriate compound for co-oxidizing the monocarboxylates as this 
compound not only forms acetate during its oxidation but also has the lowest co-oxidation effect 
on the degradation of butyrate.  
 
The stronger co-oxidation effect of methyl-malonate on the degradation of aliphatic 
monocarboxylates (except for acetate) is most likely due to the formation of reactive 
intermediates, pyruvate and acetaldehyde, in its oxidation. The formation of pyruvate has been 
confirmed by HPLC analysis. These intermediates can produce nucleophilic carbanions, which 
initiate intermediate reactions with aldehydes formed in the degradation of the monocarboxylates 
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under alkaline conditions and hence improves the overall extent of oxidation / compound 
removal. The proposed mechanisms of the intermediate reactions are consistent with the 
intermediate-products identified. The strong ability of methyl-malonate on the co-oxidation of 
the aliphatic monocarboxylates is, to the author’s best knowledge, observed for the first time. 
 
Ethyl-malonate can also produce pyruvate and acetaldehyde during it oxidation according the 
proposed reaction mechanisms and intermediates identified. This explains the stronger co-
oxidation ability of ethyl-malonate on the degradation of propionate in relation to malonate, 
which does not form the reactive intermediate in its oxidation. However, the co-oxidation effect 
of ethyl-malonate on the reaction of butyrate is weaker than that of malonate. This is most likely 
due to the formation of the same major intermediates in the oxidation of ethyl-malonate and 
butyrate which causes the inhibition of the degradation of both compounds.  
 
Pyruvate and acetaldehyde can also be formed in the degradation of propionate and butyrate, 
especially in the oxidation of propionate, on the basis of the proposed reaction mechanisms and 
the intermediates identified. Hence propionate can generate the most intermediate reactions with 
the malonates to give the observation of (1) a greater reduction in the degradation of malonate by 
forming additional malonate via the proposed intermediate reaction; and (2) a weaker inhibition 
in the degradation of ethyl-malonate. 
 
Overall, the experimental results obtained in this study provide a better understanding of the 
chemistry of individual Bayer organic compounds and mixtures during wet oxidation under 
alkaline conditions. The underlying reaction mechanisms investigated can give insight into 
possible organic reactions that occur in industrial Bayer liquors which delivers implications for 
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the development of current WO technology for removal of organic compounds from Bayer 
liquors.  
 
Future study of the co-oxidation effects of malonate, which shows the greater co-oxidation 
ability on the removal of aromatic compounds (benzoate), and methyl-malonate, which is the 
most appropriate compound for co-oxidation of aliphatic monocarboxylates (except acetate), 
would be of great interest. These compounds can be used to co-oxidize other types of refractory 
organic compounds that are present in Bayer liquor under the same WO conditions used in this 
study. Varying co-oxidation conditions such as different concentration ratios between the 
malonates and the organic compounds can be applied. 
 
WO of other substituted malonates containing varying functional group on the -C in caustic 
solution would also of great interest. One substituted malonate, ethane-1,2,2-tricarboxylate, 
which has an electron-withdrawing -CH2-COO

 group attached on the -C of malonate, has 
shown reasonable stability (in the absence of oxygen) at the reaction temperature used in this 
study (200C) in a screening test conducted by the author. Comparison of the reactivity of this 
compound observed in isolation and in mixtures under the same WO conditions with those of the 
malonates investigated in this study would provide further understanding of the correlation 
between the reactivities of the malonates and the acidities of the -H(s) present in the malonates. 
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CHAPTER 8   
APPENDIX 
 
 
 
 
Figure 8-1   HPLC chromatogram of malonate in D2O (T = 200 C; reaction time = 2 h; 
[malonate] = 0.36 M; nitrogen atmosphere) 
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1) Carbonate: T = 25 C; D2O                               2)   Acetate: T = 200 °C; D2O 
(neutralized by acetic acid)       
   
Figure 8-2   
13
C NMR spectra of the products in decarboxylation of malonate (reaction time = 2 
h; [organic] = 0.36 M; nitrogen atmosphere) 
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The reaction of free-radicals to form stable products is shown in Equation 8.1: 
M
•
   +   Reactants   →   Products 
Assuming this step is rate-limiting, the overall rate of the degradation of the malonates is then 
given by: 
- d[M–H]/dt   =   k  [M
•
]  [Reactants] 
Here Equation 8.2 is assumed not to be rate-limiting, hence it can be considered to be in 
equilibrium, with an equilibrium constant K2, as shown in Equation 8.3: 
M   +   O2      M
•
   +   O2
• 
Therefore,     K2   =   {[M
•
]  [O2
•]} / {[M]  [O2]} 
So      [M
•
]   =   K2  {[M
]  [O2]} / {[O2
•]}  
Substituted by Equation 3.7, [M
•
]   =   K2  K1  [M–H]  [OH
]  [O2] / [O2
•]   
After substituting Equation 8.2 into the rate equation, the reaction rate of M–H can be expressed 
as shown in Equation 8.5:  
- d[M–H]/dt   =   k  {K2  K1  [M–H]  [OH
]  [O2] / [O2
•]}  [Reactants] 
[O2] and [O2
•] can be considered to be constant if the O2 supply is in excess and held constant. 
 
Scheme 8-1   Analysis of the overall rate equation of the malonates in alkaline solution on the 
assumption that the reaction of free-radicals is the rate-limiting step   
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Figure 8-3   Fitting of experimental data from oxidation of malonate with or without benzoate 
present using curves generated by the simulation model proposed (T = 200 C; [OH-] = 2.38 M; 
starting concentrations = 0.015 M; pO2 = 1270 kPa) 
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Figure 8-4   Simulated evolution of radicals in oxidation of malonate with benzoate present 
according to the model (T = 200 C; [OH-] = 2.38 M; starting concentrations = 0.015 M; pO2 = 
1270 kPa) 
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Figure 8-5   HPLC chromatogram of acetate test solution in the presence of malonate (T = 200 
C; reaction time = 90 minutes; initial [organic] = 0.03 M; [OH] = 2.35 M; pO2 = 700 kPa) 
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Figure 8-6   HPLC chromatogram of propionate test solution in the presence of malonate (T = 
200 C; reaction time = 90 minutes; initial [organic] = 0.03 M; [OH] = 2.35 M; pO2 = 700 kPa) 
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Figure 8-7   HPLC chromatogram of butyrate test solution in the presence of malonate (T = 200 
C; reaction time = 90 minutes; initial [organic] = 0.03 M; [OH] = 2.35 M; pO2 = 700 kPa) 
Oxalate 
Malonate 
Formate 
Acetate 
Pyruvate 
Butyrate 
Succinate 
181 
 
Figure 8-8   HPLC chromatogram of acetate test solution in the presence of ethyl-malonate (T = 
200 C; reaction time = 90 minutes; initial [organic] = 0.03 M; [OH] = 2.35 M; pO2 = 700 kPa) 
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Figure 8-9   HPLC chromatogram of propionate test solution in the presence of ethyl-malonate 
(T = 200 C; reaction time = 90 minutes; initial [organic] = 0.03 M; [OH] = 2.35 M; pO2 = 700 
kPa) 
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Figure 8-10   HPLC chromatogram of butyrate test solution in the presence of ethyl-malonate (T 
= 200 C; reaction time = 90 minutes; initial [organic] = 0.03 M; [OH] = 2.35 M; pO2 = 700 kPa) 
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Equation 5.8
Proposed oxidation mechanism of acetate
CO2
 
(A) Proposed reaction mechanism to form pyruvate  
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Proposed oxidation mechanism of malonate
 
(B) Proposed reaction mechanism to form malonate 
Scheme 8-2   Proposed co-oxidation mechanisms of succinate induced by the malonates in 
caustic solution, involving free-radical formation (Tardio, 2002; Tardio et al., 2004a; Tardio et 
al., 2004b) and base-catalyzed oxidation by water (Loh et al., 2010) 
